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 Upstream water management affects downstream ecology, especially the wetland 
plants and soil. The primary goal of this dissertation was to quantify the dynamic 
responses of plants and soil to variable hydrologic inputs. Measurements were taken at 
different spatial scales, which were in the greenhouse, constructed drainage ditches, and 
bottomland hardwood forests. Wetland plants grown in greenhouse conditions were 
exposed to variable hydrology and aqueous nitrogen fertilization treatments. The study 
species was rice cutgrass, Leersia oryzoides. Individual plants were able to modify 
physiological responses, elemental tissue concentrations, and biomass allocation in order 
to withstand environmental stress. The plants grown in partially flooded conditions had 
the highest biomass measurements of the leaf, stem, and root components. Continuously 
flooded plants had the lowest rhizome biomass. A field study of L. oryzoides was 
conducted utilizing constructed drainage ditches. This species exhibited seasonal 
differences in internal allocation of nitrogen, phosphorus, and biomass. Higher 
concentrations of both nitrogen and phosphorus were measured in the shoots during 
spring and summer months. During the autumn and winter seasons, the roots had 
increased concentrations of both nitrogen and phosphorus. Following three months of 
growth, plants allocated more biomass to roots than to shoots with the highest total 
biomass measured in the autumn. Additional field studies evaluated landscape level 
effects in the Mississippi River floodplain following hydrological restoration to 
secondary channel complexes. Sites were established both upstream and downstream of 
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the restoration project. The sites consisted of bottomland hardwood forests, both 
historically and presently dominated by black willow, Salix nigra. Soil nutrient 
concentrations had the greatest reduction at the site nearest the hydrological input 
compared to the downstream site. The restored hydrology enhanced the aboveground net 
primary productivity of the trees, including stem growth and leaf litter production. Data 
generated by these studies provide results that support the use of vegetated buffers in the 
aquatic/terrestrial transition zone to immobilize nutrients. Continued monitoring of 
vegetated drainage ditches and restored channel hydrology in the Mississippi River Basin 
is necessary in order to enhance the effectiveness of planning and managing projects 
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Chapter 1. INTRODUCTION 
Settlement along the Mississippi River led to intensive harvesting of forests, the 
development of large-scale agricultural practices, urbanization, and the draining of 
wetlands (IFMRC, 1994). Agriculture, both landscape alteration and practices, have had a 
broad range of negative impacts on ecosystem processes in wetlands (MEA, 2005). As 
land drainage has increased for agriculture, so has nitrogen (N) application contributing 
nitrate (NO3−) to the discharge in the lower Mississippi River Basin (MRB) (Bratkovich 
et al., 1994; Turner et al., 1998; Rabalais et al., 2002). The major driver of degradation in 
the Delta is upstream water management (Boelee et al., 2011). A growing accumulation 
of well documented scientific evidence indicates a strong statistical correlation between 
the worsening of hypoxia in the northern Gulf of Mexico and the increase in N loading 
(Rabalais et al., 2002).  
The flood pulse is the principle driving force for major biota to exist, grow, and 
interact in river-floodplain systems (Junk et al., 1989). Structure and productivity of 
wetlands are adapted to flood pulses (Mitsch & Gooselink, 2007). Flood pulses create a 
dynamic edge of interaction between the transition zone of aquatic and terrestrial 
ecosystems that can both nourish the wetlands with water and nutrients, and export 
energy, materials, and biota (Junk et al., 1989). Pulsing events from riverine sources are a 
source of mineral sediment (Day et al., 1995), which can be a source of nutrients 
necessary for plant growth (DeLaune & Pezeshki, 1988). Seasonal shifts in hydrology 
have been found to be the principal factor controlling nutrient and sediment patterns in 
wetlands receiving discharge (Lane et al., 2011). 
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Wetlands provide a vital ecosystem service of treating and removing a variety of 
waste products with reported reductions of NO3− by more than 80% (MEA, 2005). The 
creation and restoration of wetlands in the Mississippi-Ohio-River basin have been 
recommended to mitigate excess N runoff (Mitsch et al., 2001; Mitsch et al., 2005; 
Mitsch & Day, 2006). A significant reduction of the hypoxia in the Gulf of Mexico could 
be made with an estimated area of 2 million ha of wetlands in the MRB (Mitsch et al., 
2005). 
Agricultural drainage ditches and their associated vegetative buffers can function 
as wetlands linking the agricultural surface and subsurface flow to receiving waters, 
effectively channeling the water from the saturated zone along fields directly into streams 
and rivers, and eventually the oceans (Goolsby et al., 2001; Moore et al., 2001; Kröger et 
al., 2007). Ephemeral and intermittent drainage ditches and ditch slopes often have 
wetland components (Kröger et al., 2007) defined as fluctuating hydrology, unique soil 
conditions that differ from adjacent uplands, and hydrophytic vegetation (Mitsch & 
Gosselink, 2007). Multi-species vegetated drainage ditches and riparian buffer strips can 
actively provide natural services (Schultz et al., 1995; Cooper et al., 2004) including 
increased distribution of beneficial organisms, habitat for wildlife, water availability and 
filtration, and bank stability and soil fertility (Mitsch and Gosselink, 2007).  
Restored wetlands experience flood pulsing (Odum et al., 1995), which facilitates 
an exchange of materials between rivers and their floodplain (Junk et al., 1989; Day et 
al., 2007). Nutrients can be temporarily immobilized by plant uptake and microbes. Most 
permanent N removal occurs via denitrification returning it to the atmosphere and 
biosphere. Permanent phosphorus (P) removal occurs by sedimentation and burial (Reddy 
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& DeLaune, 2008). Wetland ecosystems provide services that benefit human welfare by 
mediating energy and material flow such as water quality improvement due to reduction 
of suspended solids, biochemical oxygen demand, nitrogen, phosphorus, and heavy 
metals, and other pollutants (Kadlec & Knight, 1996; Cronk & Fennessy, 2001; 
LMRSBC, 2007).   
Collectively, the greenhouse experiments and field studies, presented in this 
dissertation, evaluated the consequence of upstream water management on wetland plants 
and soil. The primary goal was to measure the dynamic responses of plants and soil 
receiving these inputs. Plants were grown in greenhouse conditions, controlled drainage 
ditches, and bottomland hardwood forests. Plants were exposed to variable hydrology 
and/or nutrient concentrations. Plant changes were examined including physiological 
responses and internal allocation and sequestration of elements and biomass. 
Furthermore, abiotic factors in the soil were examined including soil redox conditions, 
soil properties, and soil elemental concentrations.  
The research presented in Chapter 2 is a study of rice cutgrass growth as affected 
by simulated flooding and water nitrogen concentration under greenhouse conditions. 
The objective of this greenhouse study was to determine the growth and physiological 
responses of rice cutgrass, Leersia oryzoides, to a range of flooding and N input regimes, 
in order to gain a better understanding of why this species is well adapted to ditch 
environments. We investigated if this species was able to tolerate excessive flooding and 
N in order to determine if these factors could limit its use in buffer strips. We 
hypothesized that excess N in combination with continuous flooding decrease stomatal 
conductance and net photosynthesis contributing to decreased carbon uptake in L. 
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oryzoides, effectively limiting resources for growth. Shoot to root biomass ratios would 
increase in flooded plants because of the reduction of root growth and function due to 
anaerobic conditions. Plants grown in partially flooded treatments are expected to be the 
most productive; being that this environment is the most common to habitats in which 
this species is found. 
The research presented in Chapter 3 focused on nutrient and growth responses of 
Leersia oryzoides, rice cutgrass, to varying degrees of soil saturation and water nitrogen 
concentration. The objective of this greenhouse study was to quantify the 
compartmentalization of various nutrients and biomass allocation to different plant 
components (leaves, stems, rhizomes, and adventitious roots). Plants were subjected to 
various soil moisture and aqueous N input regimes to gain a better understanding of how 
this species responds to changes similar to those found in agricultural drainage ditch 
environments. Plants grown in partially flooded treatments with higher N inputs were 
expected to be the most productive because this environment is the most common habitat 
in which this species is found. Furthermore, it was hypothesized that enhanced growth 
would also lead to higher total elemental plant tissue concentrations than other treatment 
combinations. 
The research presented in Chapter 4 is a study of seasonal changes in nutrient and 
growth allocation of a wetland plant grown in constructed drainage ditches in the field. 
This study took place at the Arkansas State University (ASU) agricultural facility, where, 
plants were grown in field drainage ditches that had controlled hydrology. Vegetated 
drainage ditches have the potential to immobilize nutrients, potentially decreasing 
nutrients in agricultural runoff. The primary objective was to evaluate the plants seasonal 
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elemental tissue concentration and biomass allocation. Data were collected each season 
over a period of 18 months for a total of six collection dates. Plants were harvested and 
partitioned into aboveground and belowground components, and then total N and P and 
biomass were quantified. It was hypothesized that L. oryzoides may significantly affect 
elemental concentrations in surface waters by its ability to uptake various elements and 
subsequent sequestration in various biomass components that varies seasonally. 
The research presented in Chapter 5 evaluates nutrient dynamics in a restored 
wetland. The purpose of this project was to improve understanding of the degree to which 
wetland restoration can sequester excess nutrients in order to improve water quality. The 
specific objective was to determine spatial and temporal nutrient patterns in the soil. Soil 
properties were quantified. Here, results are provided on soil nutrient dynamics of the 
Loosahatchie chute bottomland hardwood forest receiving water derived from the 
Mississippi River. 
The research presented in Chapter 6 is a study of aboveground net primary 
productivity in a riparian wetland following restoration of hydrology. The specific 
objective was to determine spatial and temporal productivity patterns of the forest in 
response to restored hydrology. The hypothesis was that aboveground net primary 
productivity will increase at the restored sites. 
 The above-mentioned studies provided a holistic view of the MRB in a snapshot 
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Chapter 2. Rice cutgrass growth as affected by flooding and water nitrogen 
concentration under greenhouse conditions  
  Present day agricultural practices maximize the level of food production with the 
use of irrigation and agrochemicals, all of which ultimately affect the global environment 
(Tilman et al. 2002; McNeill and Winiwarter 2004). Approximately half of global usable 
land is utilized for pastoral or intensive agriculture (Tilman et al. 2002). In the past 50 
years, conventional industrialized agricultural systems have consumed fossil fuel, water, 
and topsoil at unsustainable rates (Horrigan et al. 2002). Practical challenges exist in 
minimizing the ecological impact of modern agricultural landscape systems, especially 
when facing a doubling in food demand by 2050 (Tilman et al. 2002). Historically, 
agricultural management has been determined by culture, history, policies, and 
institutional and economic limitations without a complete understanding of the effects of 
such practices on landscape processes. This has led to a reduction of ecosystem goods 
and services, such as gas regulation, disturbance regulation, sediment retention, nutrient 
cycling, water regulation, and water treatment (Costanza et al. 1987; Farber et al. 2006).  
 Agricultural drainage ditches channel water from the saturated zone along fields 
directly into streams (Goolsby et al. 2001), and have been referred to as wetlands linking 
the agricultural surface and subsurface flow to receiving waters (Moore et al. 2001; 
Kröger et al. 2007). Drainage ditches have similar components to those used to define 
freshwater wetland ecosystems (Kröger et al. 2007). These wetland components are 
characterized by fluctuating hydrology, unique soil conditions that differ from adjacent 
uplands, and hydrophytic vegetation (Mitsch and Gosselink 2007). Multi-species riparian 
buffer strips of wetland plants (Shultz et al. 1995) can actively provide natural services 
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such as distribution of beneficial organisms, wildlife habitat, bank stability, and water 
filtration, as well as the regulation of soil fertility and stability, water availability, and 
pest control.  
Plants can both respond to and change their environments by altering soil 
chemistry and increasing surface area for microbial growth in the rhizosphere (Brix 
1997). Functions of wetland plants include supplying oxygen to heterotrophic 
microorganisms in the rhizosphere and increasing or stabilizing the hydraulic 
conductivity of the soil (Brix 1987). The function and effects of a plant are species-
specific; thus, heterogeneity in the system may provide the potential for maximum 
benefits. Well-developed root systems and rapid growth rate are structural aspects that 
increase water infiltration, which is strongly linked to efficient sediment removal and 
contaminant uptake (Mankin et al. 2007). Buffer strips can become more effective over 
time due to accumulated organic matter (Shultz et al. 1995). Grasses in particular can 
form dense stands that affect soil structure by enhancing water percolation, increasing 
soil aggregation, improving soil aeration, increasing soil carbon storage, and improving 
subsurface cohesion (Shultz et al. 1995; Mankin et al. 2007). Hydraulic conductivity may 
increase with increases in root development (Brix 1987). Water quality improvements 
have been provided by grass-shrub buffers as little as 8 m (26.25 ft) wide (Mankin et al. 
2007). Increasingly, research has focused on the efficacy of aquatic and wetland plants to 
mitigate and diffuse agricultural runoff in primary agricultural drainage ditches in order 
to better manage and protect fresh water (Pierce and Pezeshki 2009). These plants 
diversify the agricultural landscape, trapping and removing nonpoint source pollutants, 
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such as excess nutrients in the waterway through direct assimilation and immobilization 
(Kröger et al. 2007; Pierce et al. 2009).  
 Many of the plant species found in agricultural ditches are obligate wetland 
species such as rice cutgrass (Leersia oryzoides (L.) Sw.) (Bouldin et al. 2004). Rice 
cutgrass (Poaceae) is an erect, perennial, C3 grass that can form dense colonies (Hayden 
1919; USDA 2006). It is an obligate wetland plant that has a narrow ecological 
adaptation and is often an early successional species found in open freshwater wetlands 
(Farnsworth and Myerson 2003) and is commonly found in agricultural ditches (Bouldin 
et al. 2004). This species has been found in densities of up to 34% percent cover in as 
many as 80% of edge-of-field waterways  in the Mississippi Delta landscape, and was 
found to be persistent in all drainage size classes up to sizable drainages, reflecting its 
tolerance of variable water levels and nutrient regimes (Bouldin et al. 2004). L. oryzoides 
contributes to seed banks, especially in areas subject to sedimentation and fluctuating 
hydrology (Galatowitsch and van der Valk 1996; Le Page and Keddy 1998; Peterson and 
Baldwin 2004), while also forming extensive systems of belowground rhizomes for 
vegetative propagation (Darris and Bartow 2006). Exposed rhizomes facilitate increased 
numbers of shoots that may allow plants to endure or avoid environmental stresses 
(Pierce et al. 2007). The leaf structure of L. oryzoides promotes water-conserving 
measures (Hayden 1919), which may enable this species to tolerate brief periods of 
drought during periodic dropdowns in water levels within the ditch. L. oryzoides can 
grow readily during several days of soil saturation, demonstrating the ability of this 
species to survive and potentially affect water quality (Pierce et al. 2007), such as the 
reduction of effluent nutrient concentrations through uptake and sequestration (Deaver et 
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al. 2005; Pierce et al. 2009). However, there is lack of knowledge regarding physiological 
and productivity responses of L. oryzoides to fluctuating water levels in combination with 
nitrogen conditions that likely would occur in ditches.  
 The objective of this greenhouse study was to determine the growth and 
physiological responses of L. oryzoides to a range of flooding and N input regimes, in 
order to gain a better understanding of why this species is well adapted to ditch 
environments. We investigated if this species was able to tolerate excessive flooding and 
N in order to determine if these factors could limit its use in buffer strips. We 
hypothesized that excess N in combination with continuous flooding decrease stomatal 
conductance and net photosynthesis, contributing to decreased carbon uptake in L. 
oryzoides, effectively limiting resources for growth. Shoot to root biomass ratios would 
increase in flooded plants because of the reduction of root growth and function due to 
anaerobic conditions. Plants grown in partially flooded treatments are expected to be the 
most productive; being that this environment is the most common to habitats in which 
this species is found.  
Materials and Methods 
 Plant Materials. L. oryzoides plants were collected in April 2008 from wild 
populations found in wetlands at the University of Mississippi Environmental Experiment 
Station in Oxford, Mississippi. Plants were grown under natural light in a greenhouse, 
having a general temperature management system with a median temperature of 24.5 C 
(76 F); however, grow lights supplemented light in the morning and evening to extend 
and maintain a 14-hour photoperiod. In June 2008, plants were separated and cut to 5 cm 
(2 in) with equal parts of rhizome and stem. The fresh weights of each were 0.27 g +0.05. 
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Individuals were replanted in 72-cell plastic plant trays for eight weeks. In order to allow 
for greater uniformity, only successfully transplanted individuals were included in the 
present study. Individual plants were randomly selected and grown in pots 60 cm (2 ft) in 
height constructed of 15-cm-PVC pipe. Pots were filled with a field soil obtained in 
Arkansas and classified as loamy sand (81.0% sand, 10.5% silt, and 8.5% clay) with low 
organic matter content (0.4%). Caps were glued to the bottom of each pot to prevent 
water loss. Drainage was controlled by a set of three holes on the side of the PVC pipe at 
15 cm (5.9 in) below the soil surface and another set at 55 cm (21.7 in). The holes were 
plugged with rubber stoppers to control the water level within each pot. In order to insure 
the water level was maintained at the appropriate level, in case of leaking, pots were 
placed in polyethylene bags. Plants were allowed to establish for a period of six weeks 
prior to treatment initiation. During this time, each plant was well watered and well 
drained. In addition, plants were fertilized every two weeks with 2 L (67.6 oz) of tap 
water mixed with 1.25 g L-1 20-20-20 water-soluble fertilizer. The study was terminated 
six weeks after flood treatment initiation.  
 Experimental Procedure. A completely randomized design was employed, 
examining stress response of L. oryzoides across three soil moisture regimes and three 
concentrations of aqueous nitrogen addition. Each treatment was replicated 15 times, 
with individual plants treated as replicates. The experiment was a complete 3X3 factorial 
design with three levels of soil moisture; 1) well watered, well drained control (C), 2) 
partially flooded treatment (water maintained at 15 cm (5.9 in) below soil surface) (PF), 
and 3) continuously flooded treatment (water maintained 5 cm (2 in) above the soil 
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surface) (CF) and three concentrations of aqueous nitrogen addition (ammonium nitrate, 
NH4NO3-N); 15 mg L-1, 50 mg L-1, and 100 mg L-1.  
 After flooding initiation, plants were watered daily with approximately 2 L (67.6 
oz) of tap water. Once a week, all water in flooded treatments was drained overnight and 
refreshed with 7 L (246.4 oz) of tap water. The variable hydrologic conditions were 
intended to mimic those conditions on both the ditch slope and trough, represented by PF 
and CF, respectively. In addition, two nitrogen doses were given at two and four weeks 
following the initiation of the flooding treatment. The nitrogen treatments consisted of 
approximately 2 L (67.6 oz) of an aqueous ammonium nitrate solution containing a 
maximum of 15 mg L-1 NH4NO3-N, as used in previous studies (Pierce et al. 2007), 50 
mg L-1 NH4NO3-N, which was selected as the upper limit for the typical range of 
concentrations in North American streams, which is between 2 and 40 mg L-1 (Rouse et 
al. 1999), or 100 mg L-1 NH4NO3-N, an environmentally relevant upper range 
concentration that causes lethal and sublethal effects in amphibians (Rouse et al. 1999). 
The aqueous nitrogen doses were intended to represent the concentrations found in 
surface water runoff from an agricultural field. 
 Baseline plant physiological responses and soil measurements were taken two 
weeks prior to flood treatment initiation. Subsequent measurements were taken every two 
weeks following the initiation of each treatment including flood treatment initiation, 1st 
nitrogen dose, and 2nd nitrogen dose, resulting in four sampling dates. 
 Soil Measurements. Soil redox potential (Eh, mV) was measured using platinum-
tipped electrodes, placed at depths of 10 and 30 cm (3.9 and 11.8 in) below the soil 
surface, a millivoltmeter (Orion, Model 250A), and a calomel reference electrode 
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(Thermo Orion, Beverly, MA, USA). Values were corrected (Patrick and DeLaune 1977). 
An Eh value of +350 mV represents the approximate level at which soil becomes anoxic.  
 Plant Photosynthetic Responses. Measurements included net photosynthesis (Pn), 
stomatal conductance (gs), transpiration rate (T), internal CO2 concentrations (Ci), 
chlorophyll fluorescence including Y and Fv/Fm, and chlorophyll content index. 
Measurements were confined to the tallest upright shoot using well-developed, intact 
leaves on the second or third node. CIRAS-1 Portable Photosynthesis System (PP 
Systems, Amesbury, MA) was used to measure leaf gas exchange parameters including 
transpiration rate, net photosynthesis, stomatal conductance, and internal CO2 
concentrations. Measurements were conducted between 9:00 a.m. and 12:00 p.m. CST at 
light-saturated levels of >1000 μmol m-2 s-1 photosynthetically active radiation. 
Chlorophyll fluorescence parameters were measured using an OS-100 Modulated 
Fluorometer (Opti-Sciences, Hudson, NH). Two records were made as follows: (1) under 
ambient irradiance in the morning, yield of energy conversion (Y): Y =(Fsm - Fs) /Fsm, 
where Fsm is the maximal fluorescence obtained with a 0.8 s saturation flash under steady 
state conditions, and Fs  is the steady state fluorescence yield under ambient irradiance 
and (2) the efficiency of excitation capture of open Photosystem II (Fv/Fm): Fv/Fm = (Fm – 
F0) /Fm, where Fm is the maximal fluorescence obtained with a 0.8 s saturation flash. Leaf 
chlorophyll content was measured using a chlorophyll content meter (Opti-Sciences, 
model CCM-200). Non-destructive optical indices enable both a repeatable and rapid 
assessment of the relative condition of plant leaves (Biber 2007).  
 Plant Growth. Plants were harvested at the end of the experiment and partitioned 
into shoot (leaf and stem) and root (rhizome and adventitious root) components. Plant 
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parts were placed in separate paper bags and dried in an oven for 48 hours at 65oC (149 
F). Final dry weights were to the nearest 0.01 g. Shoot-to-root ratio was calculated as 
the ratio of dry aboveground weight to dry belowground weight.     
 Data Analyses. Repeated measures MANOVA (SPSS 12) with three levels of soil 
moisture and four levels of sampling dates, taken every two weeks, as indicated in the 
experimental procedures, was used to test the differences in means for soil redox 
measurements (Eh) at 10 and 30 cm depth, and in photosynthetic responses including Pn, 
gs, and Ci, as well as for Photosystem II parameters including Fo, and Fv/Fm. These 
measurements, taken at each sampling date, and biomass data, including aboveground 
and belowground biomass, were individually analyzed to test the differences in means 
with two-way ANOVA (SYSTAT 11) with three levels of soil moisture and three levels 
of nitrogen concentrations, as independent factors. Biomass data were collected after the 
plants were harvested. Significant results were followed by Tukey's post-hoc (Hinkle et 
al. 2003). Differences were considered significant at α <0.05. 
Results 
 Soil Measurements. Prior to the initiation of the flooding treatments, soil was 
aerated in all pots at both the 10 cm (Eh = +482 +110 mV) and 30 cm depth (+455 +105 
mV). Following flood treatment initiation, soil remained aerated at the 10 cm (Eh = +579 
+94 mV) and 30 cm depth (+538 +90 mV) in C and at the 10 cm depth (Eh = +534 
+101mV) in PF during the course of the experiment. Soil in flooded treatments became 
reduced two weeks following soil moisture treatment initiation in the flooded treatments. 
After four weeks, soil Eh became more negative in flooded treatments, 30 cm depth (Eh 
= +194.00 +139 mV, F =24.980, p <0.0001) in PF and 10 cm (Eh = +285 +102 mV, F 
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=12.084, p <0.0001) and 30 cm depth (+172 +148 mV, F =19.240, p <0.001) in CF 
(figure 2-1). 
 Time










C  10 
C  30 
PF  10 
PF  30 
CF  10 
CF  30 
Figure 2-1. Time-course response of soil redox potential (Eh) recorded for control (C), 
partial flooded (PF), and continuously flooded (CF) treatments taken at the 10 and 30 cm 
depth. The reference line at +350 mV indicates the approximate Eh level at which oxygen 
begins to become depleted from the soil. Each value is the mean (+se) for 26 








Gas Exchange Response. Initially, net photosynthesis decreased as flooding 
intensified (F =6.144, p =0.003) with differences found between C-CF (p =0.002) and 
PF-CF (p =0.030) (figure 2-2A). In addition, stomatal conductance decreased as flooding 
intensified (F =3.965, p =0.021), with differences found between C-CF (p =0.046) and 
PF-CF (p =0.034) (figure 2-2B). No detectible differences were found in measurements 
of Ci (225.67 +1.39), Fo (0.509 +0.006), and Fv/Fm (0.736 +0.003) across soil moisture 
treatments.  
 Two weeks later, both net photosynthesis and stomatal conductance in CF had 
recovered from the initial flooding, exhibiting no detectable difference when compared to 
C. No significant differences were found in Ci (222.07 +1.68), Fo (0.400 +0.004), and 
Fv/Fm (0.713 +0.003) measured at this time. Interactions between flooding and nitrogen 




































































Figure 2-2. (A) Net photosynthesis, Pn, and (B) stomatal conductance, gs, recorded for 
Leersia oryzoides. Measurements were taken 3 days following soil moisture treatment 
initiation in control (C), partial flooded (PF), and continuously flooded (CF) treatments. 
Each value is the mean for 45 measurements (+se). Significant differences across 
treatments are indicated by using different letters, according to Tukey's post-hoc. 
Differences were considered significant at α <0.05. 
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 Following the application of second nitrogen dose, four weeks following flooding 
initiation, net photosynthesis increased as aqueous nitrogen concentrations increased (F 
=3.230, p =0.043), and differences were found between the 15 mg L-1 and the 100 mg L-1 
concentrations (p =0.037) (figure 2-3). Internal CO2 increased as flooding intensified (F 
=3.7, p =0.027), with significant differences found between C-CF (p =0.025). Yield of 
energy conversion in light- adapted leaves was the only gas exchange measurement 
affected by an interaction between flood intensity and nitrogen concentrations (F =2.779, 
p =0.030) with differences found between C/50-CF/50 (p =0.013), C/50-CF/100 (p 
=0.022), C/100-CF/50 (p =0.014), and C/100-CF/100 (p =0.023) (figure 2-4). There were 







































Figure 2-3. Net photosynthesis, Pn measurements were taken following plants being 
given two aqueous doses of NH4NO3-N fertilization at concentrations of 15 mg L-1, 50 
mg L-1, or 100 mg L-1. There were no interactive or independent effects detected from the 
soil moisture treatments, which were control (C), partial flooded (PF), and continuously 
flooded (CF), therefore treatments were combined. Each value is the mean for 45 
measurements (+se). Significant differences across treatments are indicated by using 
different letters, according to Tukey's post-hoc. Differences were considered significant 


































Figure 2-4. Yield of energy conversion in light adapted leaves recorded for Leersia 
oryzoides. The two factors included soil moisture: control (C), partial flooded (PF), and 
continuously flooded (CF) treatments and aqueous nitrogen addition, which were given 
as two doses of NH4NO3-N at concentrations of 15 mg L-1, 50 mg L-1, or 100 mg L-1. 
Measurements were taken 4 weeks following initiation of flooding treatment. Each value 
is the mean for 15 measurements (+se). Significant differences across treatments are 
indicated by using different letters, according to Tukey's post-hoc. Differences were 





 Leaf Chlorophyll Content. There were no detectable differences in chlorophyll 
content index across both soil moisture and N treatments, when measurements were taken 
at the first three sampling dates. Following the second application of nitrogen, leaf 
chlorophyll content was higher at 100 mg L-1 nitrogen concentrations (F =3.733, p 
=0.026). Significant differences in leaf chlorophyll content were found between the 15 
mg L-1 and the 100 mg L-1 nitrogen concentrations (p =0.019) (figure 2-5A). Leaf 
chlorophyll content was highest in PF, when compared to other soil moisture treatments 
(F =10.351, p <0.001), with significant differences found between C-PF (p =0.003) and 
PF-CF (p <0.001) (figure 2-5B). Leaf chlorophyll content did not change in response to 




























































Figure 2-5. Leaf chlorophyll content recorded for Leersia oryzoides. There were no 
interactive effects between nitrogen fertilization and soil moisture treatments. (A) 
Measurements were taken following plants being given two aqueous doses of NH4NO3-N 
at concentrations of 15 mg L-1, 50 mg L-1, or 100 mg L-1. Each mean is an average value 
for 45 measurements across nitrogen fertilization treatments for all soil moisture 
treatments. (B) The soil moisture treatments were control (C), partial flooded (PF), and 
continuously flooded (CF). Each mean is an average value for 45 measurements across 
soil moisture treatments (+se) for all nitrogen treatments. There were no interactive 
effects between nitrogen and flooding treatments. Significant differences across 
treatments are indicated by using different letters, according to Tukey's post-hoc. 
Differences were considered significant at α <0.05. 
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  Plant Growth. Plants in PF treatment produced significantly more shoot biomass 
(F =8.406, p <0.001) than plants in C and CF treatments, with significant differences 
between C-PF (p =0.001) and PF-CF (p =0.001). In addition, PF treatment produced 
significantly more root biomass (F =10.358, p <0.001) than C and CF treatments, with 
significant differences between C-PF (p =0.012) and PF-CF (p <0.001) (figure 2-6). 
Shoot-to-root ratio increased with higher aqueous nitrogen concentrations (F =3.290, p 
=0.040), differences were between 15 mg L-1 and 100 mg L-1 (p =0.033) (figure 2-7A), 
and as flooding intensified (F =17.643, p <0.001) with differences found between C-CF 
(p <0.001) and PF-CF (p <0.001) (figure 2-7B). Interactive affects between flooding and 


































Figure 2-6. Shoot and root biomass for Leersia oryzoides in control (C), partial flooded 
(PF), and continuously flooded (CF) treatments, and following two aqueous doses of  
NH4NO3-N fertilization at concentrations of 15 mg L-1, 50 mg L-1, or 100 mg L-1. There 
were no interactive or independent effects of the nitrogen fertilization, therefore 
treatments were combined. Plants were harvested 6 weeks following the initiation of 
flooding treatments. Each value is the mean for 45 measurements (+se). Significant 
differences across treatments are indicated by using different upper-case letters for shoot 
biomass and different lower-case letters for root biomass, according to Tukey's post-hoc. 















































Figure 2-7. (A) Shoot-to-root biomass ratio for Leersia oryzoides in aqueous nitrogen 
addition treatments, in which each treatment was given two aqueous doses of NH4NO3-N 
at concentrations of 15 mg L-1, 50 mg L-1, or 100 mg L-1, and (B) in soil moisture 
treatments, which were control (C), partial flooded (PF), and continuously flooded (CF) 
treatments. There were no interactions between nitrogen fertilization and flooding, 
therefore treatments were combined. Plants were harvested 6 weeks following the 
initiation of flooding treatments. Each value is the mean for 45 measurements (+se). 
Significant differences across treatments are indicated by using different letters, 




 Following the initiation of the flooding treatments, both net photosynthesis and 
stomatal conductance decreased with increased intensity of flooding; however, plants 
acclimated to these conditions within two weeks. The initial reduction in photosynthetic 
capacity in response to soil flooding has been reported for many species (Pezeshki 2001), 
because stomatal closure limits gas exchange resulting in decreased photosynthetic rates 
(Pezeshki 1993). After four weeks and the second nitrogen dose, net photosynthesis 
increased in all moisture treatments as aqueous nitrogen concentrations increased. In 
previous studies, hybrid poplar clones subjected to flooding with high nitrogen 
fertilization were able to maintain photosynthesis and stomatal conductance at similar 
rates as control plants (Liu and Dickmann 1992). In addition, flood-tolerant species are 
more effective at utilizing nitrate as an alternate electron acceptor in anoxic conditions 
(Garcia-Novo and Crawford 1973). As flooding intensified, there was an apparent 
increase in internal CO2 concentration possibly due to metabolic factors in which 
utilization of CO2 was somewhat reduced. In addition, plant roots may have been unable 
to conduct water transport due to flooding stress and root damage, a common response to 
flooding reported for many other species (Pezeshki 1994). An initial inhibition of gas 
exchange followed by recovery appears to be an important flood-tolerance characteristic 
(Pezeshki 1993; Pezeshki and Anderson 1997; Maxwell and Johnson 2000) allowing this 
species to function under flooded soils.  
 Yield of energy conversion in light adapted leaves decreased with increased 
flooding in higher nitrogen treatments. This indicates that photosynthetic rates may be 
limited by metabolic factors such as a damaged photosynthetic apparatus due to the 
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combined flood and excess N stresses. The declining yield suggests lowered efficiency of 
Photosystem II activity (Fracheboud et al. 1999; Mauchamp and Methy 2004).  
 Leaf chlorophyll content was highest in PF treatment, and increased in response 
to increased nitrogen concentrations. This response is similar to that of other plants in 
changing nutrient conditions (Hoel and Solhaug 1998). Higher chlorophyll content 
indicates an increased potential in photosynthetic activity per unit leaf area, which can 
increase productivity, which was reflected by the final biomass measurements in PF 
plants.  
 Plants in PF condition produced more aboveground (37.52% and 38.42%) and 
belowground biomass (48.05% and 87.81%) compared to other treatments (C and CF, 
respectively). These plants thrived in an environment quite similar to those along ditch 
banks. Dropdown in water levels within agricultural ditches may allow exposed rhizomes 
to more readily develop new shoots and aboveground biomass, allowing for a rapid 
vegetative spread into favorable microhabitats. Decreased biomass production in CF 
plants indicated root sensitivity to continuous inundation. Oxygen diffusion from the soil 
to root effectively stops during flooding (Pezeshki 2001). A reduced soil environment 
causes changes in root metabolism that manifest as morphological changes in root 
structure affecting overall plant growth (Pezeshki 2001; Pierce et al. 2007). Plant 
responses usually begin to occur at Eh of +350 mV (DeLaune et al. 1990). In addition to 
stomatal closure, photosynthetic reduction in flooded soils can result from low soil Eh, 
decreased leaf water potential, and/or increased soil phytotoxins (Pezeshki 2001). These 
are all possible explanations for the observed reduced belowground carbon production in 
L. oryzoides.  
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 Even though there was a partial recovery of gas exchange in flooded treatments, 
growth was impacted by the reduced soil conditions, especially belowground biomass. 
Plants had higher shoot-to-root ratio, as both flooding (58.5% increase in shoot/root ratio) 
and aqueous nitrogen concentration (30.1% increase in shoot/root ratio) increased. 
Previous studies have indicated that as flooding increases, plants tend to allocate more 
resources to aboveground plant parts than those belowground (Pezeshki 2001). The 
increased productivity of aboveground biomass in response to higher nitrogen 
concentrations is indicative of greater total nutrient sequestration. The increase in 
chlorophyll content and growth of L. oryzoides in partially flooded treatment and in 
response to increased nitrogen concentrations may also help explain the persistence of 
this species in agricultural ditches.  
 There have been few reports of ecophysiological studies on L. oryzoides 
(Farnsworth and Myerson 2003); however, one study classified this species as having an 
intermediate ranking of 48% in competitive performance, ranking 27 out of 40 freshwater 
wetland species (Gaudet and Keddy 1995). L. oryzoides might not only persist in frequent 
and long periods of inundation, but it also may be able to expand both as an individual 
and as the population (Baldwin et al. 2001). L. oryzoides has similar densities of 
emergence in both flooded and non-flooded conditions during seed-bank experiments 
(Baldwin et al. 2001). These studies support our results suggesting that L. oryzoides can 
maintain viable populations in agricultural drainage ditches characterized by variable 
levels of flooding and aqueous nitrogen concentrations. Although tissue N concentrations 
were not measured in the present study, a previous study showed no overall flooding 
treatment effect on tissue N concentration in L. oryzoides (Pierce et al. 2009). In addition, 
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our study demonstrated that this species was able to tolerate relatively high 
concentrations of aqueous N. Highlighting the ability of this species to acclimate to a 
heterogeneous environment that is most often encountered in disturbed environments 
such as in the agricultural landscape.  
Summary and Conclusions 
 This greenhouse study demonstrated that the growth and physiological responses 
of L. oryzoides enable this species to endure in a range of soil moisture and nitrogen 
concentrations that occur in agricultural drainage ditches. The ability to acclimate and 
survive in these variable conditions can partially explain the persistence and competitive 
advantage of this species. L. oryzoides is capable of remaining resistant and functional, 
thus, making it a useful consideration for ditch management plans that include buffering 
surface waters prior to their flow into receiving waters. As indicated from previous ditch 
surveys, this species is found to thrive in such environments; however, there is a need for 
long-term field studies to determine its potential to survive and mitigate contaminants 
such as N in field conditions.   
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Chapter 3. Nutrient and Growth Responses of Leersia oryzoides, Rice Cutgrass, to 
Varying Degrees of Soil Saturation and Water Nitrogen Concentration  
INTRODUCTION 
Human production of reactive nitrogen (N) is greater than that produced by all 
natural terrestrial systems (Galloway et al., 2003). Synthetic fertilizer provides close to 
half of N to crops (Smil, 2002) and is one of the primary determinates of global cropland 
yields (Galloway et al., 2003). Most of the 120 teragrams of N added annually to global 
croplands is lost to soil, air and water (Smil, 2001; 2002). N applied to soil will 
eventually become nitrate, a mobile cation, which is available for movement in water. 
Wetlands are frequently constructed because of their efficiency in removing N (Galloway 
et al., 2003). Water quality improvements have been documented in areas planted with 
grass-shrub buffers as narrow as 8 m (26.25 ft) wide (Mankin et al., 2007), which become 
more effective over time due to accumulated organic matter and root system development 
(Schultz et al., 1995). The function and effects of plants are species-specific; thus, 
heterogeneity in the system may provide the potential for maximum benefits. 
Agricultural drainage ditches and their associated vegetative buffers can function 
as wetlands linking the agricultural surface and subsurface flow to receiving waters, 
effectively channeling the water from the saturated zone along fields directly into streams 
and rivers, and eventually the oceans (Goolsby et al., 2001; Moore et al., 2001; Kröger et 
al., 2007). Ephemeral and intermittent drainage ditches and ditch slopes often have 
wetland components (Kröger et al., 2007) defined as fluctuating hydrology, unique soil 
conditions that differ from adjacent uplands, and hydrophytic vegetation (Mitsch and 
Gosselink, 2007). Multi-species vegetated drainage ditches and riparian buffer strips can 
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actively provide natural services (Schultz et al., 1995; Cooper et al., 2004) including 
increased distribution of beneficial organisms, providing habitat for wildlife, increased 
water availability and filtration, and improved bank stability and soil fertility (Mitsch and 
Gosselink, 2007).  
Plants can both respond to and change their environments. Grasses, in particular, 
can form dense stands that benefit soil structure by enhanced water percolation, increased 
aggregation, improved aeration, increased carbon storage, and improved subsurface 
cohesion (Schultz et al., 1995; Mankin et al., 2007). Well-developed root systems and 
rapid growth rates are structural aspects that increase water infiltration, which is strongly 
linked to efficient sediment removal and contaminant uptake (Mankin et al., 2007). 
Increased root surface area supplies oxygen to heterotrophic microorganisms in the 
rhizosphere (Brix, 1997). Recently, research has focused on the efficacy of aquatic and 
wetland plants to mitigate and diffuse agricultural runoff in primary agricultural drainage 
ditches to better manage and protect fresh water (Pierce and Pezeshki, 2010). These 
plants diversify the homogenous agricultural landscape by trapping and removing 
nonpoint source pollutants, such as excess nutrients in the waterway through direct 
assimilation and immobilization (Kröger et al., 2007).  
 Many obligate wetland plant species, such as rice cutgrass (Leersia oryzoides (L.) 
Sw.), are found in agricultural ditches (Bouldin et al., 2004). L. oryzoides is an erect, 
perennial grass (Poaceae) that can form dense colonies (Hayden, 1919; USDA, 2006) and 
is often an early successional species of open freshwater wetlands (Farnsworth and 
Myerson, 2003). Densities of L. oryzoides up to 34% are found in as many as 80% of 
edge-of-field waterways in the Mississippi River Delta landscape (Bouldin et al., 2004).  
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L oryzoides persists in all drainage size classes, reflecting its tolerance of variable water 
levels and nutrient regimes (Bouldin et al., 2004). L oryzoides contributes to seed banks, 
especially in areas subject to sedimentation and fluctuating hydrology (Galatowitsch and 
van der Valk, 1996; Le Page and Keddy, 1998; Peterson and Baldwin, 2004), while also 
forming extensive systems of belowground rhizomes for vegetative propagation (Darris 
and Barstow, 2006). Exposed rhizomes facilitate increased numbers of shoots that may 
allow plants to endure or avoid environmental stresses (Pierce et al., 2007). L. oryzoides 
can grow readily during several days of soil saturation, demonstrating its ability to 
survive and potentially affect water quality (Pierce et al., 2007; Koontz and Pezeshki, 
2011), such as the reduction of effluent nutrient concentrations through uptake and 
sequestration (Deaver et al., 2005). 
 The objective of this greenhouse study was to quantify the compartmentalization 
of various nutrients and biomass allocation to different L. oryzoides components (leaves, 
stems, rhizomes, and adventitious roots). Plants were subjected to various soil moisture 
and aqueous N input regimes to gain a better understanding of how this species responds 
to changes similar to those found in agricultural drainage ditch environments. Plants 
grown in partially flooded treatments with higher N inputs were expected to be 
productive because this environment is the most common habitat in which this species is 
found. Furthermore, it was hypothesized that enhanced growth would also lead to higher 
total elemental tissue concentrations than other treatment combinations. 
MATERIALS AND METHODS 
 Experimental Materials. L. oryzoides plants were collected from wild 
populations at the University of Mississippi Field Station near Abbeville, Mississippi. 
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Plants were grown in a greenhouse under natural light with supplemental lighting to 
maintain a 14-hour photoperiod. The median temperature was 24.5 ̊C (76 ̊F). Plants were 
separated and then cut to 5 cm (2 in) with equal parts of both stems and rhizomes. The 
fresh weights of each were 0.27 g +0.05. Individuals were planted in plastic plant trays 
and allowed to grow. After eight weeks, individual plants were randomly selected and 
replanted in 60 cm (2 ft) deep, 15 cm polyvinyl chloride (PVC) pipe pots. Caps were 
glued to the bottom of each pot to prevent water loss. Drainage was controlled by two 
sets of three holes on the side of the PVC pipe. One set of holes was at 15 cm (5.9 in) 
below the soil surface and another set at 55 cm (21.7 in). The holes were plugged with 
rubber stoppers to control the water level within each pot. Each pot was filled with soil. 
The soil was Bruno loamy sand (NRCS, 2011) obtained from Craighead County, 
Arkansas. The Bruno series consists of very deep, excessively drained, rapidly permeable 
soils (NRCS, 2011). Repotted plants were allowed to establish for a period of six weeks 
prior to treatment initiation. Prior to treatment, each plant was well-watered and well-
drained. Plants were fertilized every two weeks with 2 L (67.6 oz) of tap water mixed 
with 1.25 g L-1 20-20-20 water-soluble fertilizer.  
 Experimental Procedure. The experiment was a complete 3X3 factorial design 
with three levels of soil moisture and three concentrations of aqueous ammonium nitrate 
(NH4NO3-N) addition. A completely randomized design was employed. The study 
concluded six weeks after flood treatment initiation. 
 The three levels of soil moisture were: 1) well-watered, well-drained, the control 
treatment (C), 2) water maintained at 15 cm (5.9 in) below the soil surface, the partially 
flooded treatment (PF), and 3) water maintained at 5 cm (2 in) above the soil surface, the 
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continuously flooded treatment (CF). After flooding initiation, plants were watered daily 
with 2 L (67.6 oz) of tap water. Once a week, flooded treatments were drained of water 
overnight and refreshed with 7 L (246.4 oz) of tap water the following morning. These 
variable hydrologic conditions were intended to replicate conditions of both the ditch 
slope and trough, represented by PF and CF, respectively.  
 The NH4NO3-N addition was given in two separate exposures at concentrations of 
15 mg L-1, 50 mg L-1, or 100 mg L-1. The NH4NO3-N doses were given at two and four 
weeks following the initiation of flooding treatments. The treatments consisted of 2 L 
(67.6 oz) of NH4NO3-N solution containing the desired concentration and tap water. The 
NH4NO3-N doses were representative of those found in surface water runoff from 
agricultural fields (Stuntebeck et al., 2011). Concentrations up to10 mg L-1 of nitrate is 
considered the maximum contaminant level (MCL) in drinking water (USEPA, 2009). 
Levels at 100 mg N L-1 causes lethal and sub-lethal effects in amphibians (Rouse et al., 
1999). 
 Soil Measurements. The soil used in this study was classified as loamy sand 
(81.0% sand, 10.5% silt, and 8.5% clay) with low organic matter content (0.4%). The 
Mehlich-3 test was used to obtain soil elemental results. The soil element concentrations 
were 0.4 ppm boron (B), 1019 ppm calcium (Ca), 0.9 ppm copper (Cu), 111 ppm iron 
(Fe), 83 ppm potassium (K), 113 ppm magnesium (Mg), 50 ppm manganese (Mn), 29 
ppm sodium (Na), 40 ppm phosphorus (P), 6 ppm sulfur (S), and 2.6 ppm zinc (Zn). Soil 
N was determined using a  LECO FP-528 nitrogen analyzer (St. Joseph, MI, USA). There 
was 0.5642% soil N with 6.2736 mg L-1 nitrate (NO3-N) and 4.1443 mg L-1 ammonium 
(NH4-N). The calculated cation exchange capacity was 7.3 meq 100 g-1. The calculated 
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cation saturation values were 69.8% for Ca, 13.2% for hydrogen (H), 2.9% for K, 12.9% 
for Mg, and 1.7 % for Na. The K: Mg ratio was 0.23. The initial soil pH was 6.4. 
 Soil redox potential (Eh, mV) was measured using platinum-tipped electrodes, a 
mV meter (Orion, Model 250A), and a calomel reference electrode (Thermo Orion, 
Beverly, MA, USA). Two platinum-tipped electrodes were placed in an individual pot at 
depths of 10 cm and 30 cm (3.9 in and 11.8 in) below the soil surface. Electrodes 
remained in place for the duration of the experiment. The redox potential values were 
measured according to methods established by Patrick and DeLaune (1977). Baseline 
measurements of soil redox potential were taken two weeks prior to flood treatment 
initiation and every two weeks subsequently, equaling four sampling dates. An Eh value 
of +350 mV represents the approximate level at which soil becomes anoxic.  
 Nutrient Analyses. All samples were finely milled in a Cyclone Sample Mill to a 
uniform size. Plant tissue samples (0.1 g ±0.005 g) (0.0035 oz) were digested using the 
wet ash method with nitric acid (HNO3) (10 ml) (0.34 oz), hydrogen peroxide (H2O2) (2 
ml) (0.7 oz), and hydrochloric acid (HCl) (10 ml) (0.34 oz) using a block heater and 
element. Total N was analyzed using a LECO FP-528. Aluminum (Al), B, Ca, Cu, Fe, K, 
Mg, Mn, Na, P, S, and Zn were analyzed by inductively coupled plasma mass 
spectrometry (ICP-MS) (Thermo Elemental Iris II).  
 Plant Growth. Plants were harvested and partitioned into leaf, stem, rhizome, 
and adventitious root components. Plant parts were placed in separate bags and oven-
dried at 65°C (149 ̊F) for 48 hours, or until a constant weight was reached. Plant parts 




 Data Analyses. Repeated measures multivariate analysis of variance (MANOVA) 
(SPSS, 2003) with three levels of soil moisture and four levels of sampling dates was 
used to test the differences in means of soil redox measurements (Eh) at 10 cm and 30 cm 
depth. Differences in means of nutrient tissue concentrations, including total N, Al, B, 
Ca, Cu, Fe, K, Mg, Mn, Na, P, S, and Zn, and differences in means of biomass 
measurements, including leaf, stem, rhizome, and adventitious root components, were 
individually analyzed and tested with two-way analysis of variance (ANOVA) 
(SYSTAT, 2004) with three levels of soil moisture and N concentrations as independent 
factors. Significant results were followed by Tukey's post-hoc analysis (Hinkle et al., 
2003). Differences were considered significant at α<0.05. 
RESULTS 
 Soil Measurements. Soil pH averaged 7.25 +0.15 at the conclusion of the 
experiment. Prior to the flooding treatments, soil was aerated in all pots at both the 10 cm 
(Eh = +482 +110 mV) and 30 cm depth (+455 +105 mV). Following flood treatments, 
soil remained aerated at 10 cm (Eh = +579 +94 mV) and 30 cm depths (+538 +90 mV) in 
C and at 10 cm deep (Eh = +534 +101mV) in PF during the course of the experiment. 
Soil in flooded treatments became reduced 2 weeks following soil moisture treatment. 
After 4 weeks, soil Eh was in the anoxic range in flooded treatments: 30 cm depth in PF 
(Eh = +194.00 +139 mV, F =24.980, p <0.001), 10 cm depth in CF (Eh = +285 +102 mV, 
F =12.084, p <0.001), and 30 cm depth in CF (+172 +148 mV, F =19.240, p <0.001). 




 Nutrient Tissue Concentrations. Elemental tissue concentrations were compared 
between plant components (Table 3-1). The leaves had the highest concentrations of B, 
Ca, Mg, Mn, N, and S. The stems had the highest concentrations of K and Zn. The 
adventitious roots had the highest concentrations of Al, Cu, Fe, Mn, and Na. The 
rhizomes had the highest concentrations of P. The leaves had the lowest elemental 
concentrations of Cu. The stems had the lowest elemental concentrations of Al, B, Fe, N, 
and Na. The adventitious roots had the lowest elemental concentrations of K, P, and S. 

















Table 3-1. Mean biomass and nutrient tissue concentrations allocated to leaves, stems, 
rhizomes and adventitious roots of Leersia oryzoides. Each value is the mean of 135 
replications (+SE) for biomass and 36 replications (+SE) for nutrient tissue 
concentrations. Significant differences between plant components are indicated by using 
different lower-case letters, according to Tukey's post-hoc. Differences were considered 
significant at α<0.05. 
 
 Biomass (g) Al (µg g-1) B (µg g-1) Ca (µg g-1) Cu (µg g-1) 
Leaf 8.19 + 0.39a 866.10 + 40.73a 20.54 + 0.69a 6696.70 + 150.97a 19.56 + 0.67a 
Stem 11.96 + 0.62b 840.15 + 41.75a 9.52 + 0.67b 2477.38 + 129.13b,c 25.28 + 0.83b 
Rhizome 6.60 + 0.40a 1070.18 + 77.45a 11.13 + 0.89b 2079.77 + 142.02c 25.78 + 0.79b 
Root 7.19 + 0.49a 3559.81 + 336.36b 14.87 + 0.65c 2955.54 + 128.62b 34.45 + 1.75c 
 
 Fe (µg g-1) K (µg g-1) Mg (µg g-1) Mn (µg g-1) Total N (%) 
Leaf 964.52 + 56.49a 11522.82 + 306.19a 2401.47 + 88.74a 697.79 + 34.54a 1.91 + 0.06a 
Stem 716.52 + 47.90a 13287.80 + 331.32b 1926.52 + 55.23b 539.10 + 19.95b 0.88 + 0.03b 
Rhizome 1388.41 + 100.10a 10699.87 + 363.18a,c 875.05 + 20.98c 218.47 + 13.74c 1.02 + 0.03b,c 
Root 8086.69 + 505.79b 9820.46 + 391.64c 1650.64 + 58.73d 729.20 + 45.22a 1.02 + 0.03c 
 
 Na (µg g-1) P (µg g-1) S (µg g-1) Zn (µg g-1) 
Leaf 352.49 + 22.77a 1864.44 + 66.19a 2086.07 + 64.07a 57.53 + 2.32a 
Stem 321.40 + 18.96a 2232.22 + 75.31b 1735.09 + 59.56b 82.59 + 2.91b 
Rhizome 577.58 + 36.53b 2327.43 + 67.26b 1731.20 + 50.65b 42.83 + 1.15c 











 Flooding did affect elemental concentrations of Cu, Mg, Mn, K, Na, S, and Zn 
(Table 3-2). Plants grown in the CF treatment had significantly higher concentrations of 
Cu, S, and Zn in leaves, Zn in stems, Cu, Mn, S, and Zn in adventitious roots, and Cu, K, 
and Na in rhizomes. The PF treatment had significantly higher concentrations of Mg in 
leaves and of Na in adventitious roots. The flooding treatments did not significantly 



















Table 3-2. Mean biomass and nutrient tissue concentrations allocated to leaves, stems, 
rhizomes and adventitious roots of Leersia oryzoides across soil moisture treatments 
(control, C; partially flooded, PF; and continuously flooded, CF). Each value is the mean 
for 45 replications (+SE) for biomass measurements and 12 replications (+SE) for 
elemental concentrations. Significant differences across treatments are indicated by using 
different lower-case letters, according to Tukey's post-hoc. Differences were considered 
significant at α<0.05.  
 C PF CF 
Biomass (g)    
Leaf 6.79 + 0.57a 10.71 + 0.80b 7.08 + 0.46a 
Stem 9.80 + 0.89a 15.52 + 1.25b 10.54 + 0.83a 
Rhizome 7.31 + 0.73a 8.72 + 0.74a 3.77 + 0.34b 
Root 5.34 + 0.57a 9.97 + 1.10b 6.26 + 0.63a 
Al (µg g-1)    
Leaf 892.44 + 66.63 814.31 + 71.58 891.56 + 76.84 
Stem 901.36 + 71.58 746.31 + 68.50 872.76 + 74.74 
Rhizome 885.73 + 84.80 1298.43 + 189.65 1026.38 + 78.08 
Root 3644.10 + 626.39 3591.97 + 593.40 3443.35 + 577.50 
B (µg g-1)    
Leaf 20.03 + 1.50 20.68 + 1.05 20.91 + 1.11 
Stem 10.50 + 1.22 8.24 + 0.87 9.81 + 1.34 
Rhizome 10.84 + 1.08 10.52 + 0.69 12.04 + 2.41 
Root 14.95 + 1.29 15.14 + 1.12 14.53 + 1.04 
Ca (µg g-1)    
Leaf 6872.48 + 292.73 6944.27 + 235.94 6273.35 + 226.96 






Rhizome 1969.26 + 248.32 2117.07 + 200.28 2153.00 + 298.39 
Root 3045.62 + 226.31 2920.84 + 166.91 2900.15 + 278.76 
Cu (µg g-1)    
Leaf 16.90 + 1.07a 19.70 + 1.06a,b 22.08 + 0.89b 
Stem 24.89 + 1.86 23.62 + 1.08 27.33 + 1.16 
Rhizome 23.52 + 1.28a 24.17 + 0.80a 26.64 + 1.25b 
Root 26.92 + 1.76a 31.97 + 2.49a 44.44 + 2.30b 
Fe (µg g-1)    
Leaf 1041.63 + 92.03 854.11 + 90.44 997.83 + 109.84 
Stem 787.93 + 71.73 593.80 + 66.34 767.81 + 101.41 
Rhizome 1101.15 + 101.69 1677.76 + 244.09 1386.31 + 103.01 
Root 7233.87 + 691.01 9638.86 + 956.49 7387.35 + 848.53 
K (µg g-1)    
Leaf 10865.85 + 583.10 11595.53 + 358.30 12107.07 + 596.41 
Stem 13276.46 + 603.34 13445.14 + 652.89 13141.79 + 503.32 
Rhizome 9589.46 + 478.98a 10708.98 + 698.01a,b 11801.18 + 565.73b 
Root 9714.09 + 651.53 10009.68 + 712.78 9737.60 + 725.68 
Mg (µg g-1)    
Leaf 2525.38 + 153.66a,b 2576.28 + 151.44a 2102.74 + 113.95b 
Stem 2045.55 + 90.97 1990.70 + 89.23 1743.30 + 90.35 
Rhizome 837.66 + 22.41 909.45 + 47.11 878.04 + 35.44 
Root 1628.38 + 113.57 1627.93 + 95.76 1695.61 + 102.86 
 
 
    





Mn (µg g-1) 
Leaf 666.53 + 69.16 672.67 + 42.56 754.17 + 66.01 
Stem 511.11 + 40.96 542.34 + 27.04 563.85 + 35.54 
Rhizome 189.26 + 17.96 220.52 + 28.34 245.63 + 23.04 
Root 601.51 + 74.00a 694.56 + 59.59a,b 891.53 + 80.66b 
N (%)    
Leaf 1.84 + 0.08 1.98 + 0.12 1.92 + 0.10 
Stem 0.88 + 0.06 0.86 + .06 0.89 + 0.07 
Rhizome 1.07 + 0.05 1.00 + 0.04 0.98 + 0.05 
Root 1.06 + 0.05 1.01 + 0.08 1.00 + 0.04 
Na (µg g-1)    
Leaf 315.12 + 22.96 389.23 + 56.53 353.12 + 31.23 
Stem 269.01 + 19.04 318.42 + 37.04 376.78 + 34.15 
Root 750.21 + 65.73a 1293.98 + 101.68b 991.03 + 91.58a 
Rhizome 405.43 + 31.29a 608.88 + 44.27b 718.44 + 72.18b 
P (µg g-1)    
Leaf 1720.73 + 110.54 1832.29 + 91.22 2040.29 + 128.45 
Stem 2249.33 + 160.52 2279.32 + 131.05 2168.01 + 102.90 
Rhizome 2418.13 + 142.58 2260.14 + 103.60 2304.02 + 104.47 
Root 1162.29 + 58.53 1170.42 + 48.53 1236.82 + 76.40 
S (µg g-1)    
Leaf 1911.93 + 93.61a 1984.37 + 91.15a 2361.91 + 107.24b 
Stem 1679.03 + 104.95 1641.57 + 100.12 1884.66 + 98.50 
Rhizome 1764.81 + 104.92 1578.87 + 82.73 1849.92 + 56.07 
Root 1386.64 + 109.32a,b 1307.85 + 94.95a 1699.28 + 110.61b 
    





Zn (µg g-1) 
Leaf 49.17 + 3.19a 54.98 + 3.04a 68.46 + 3.75b 
Stem 69.09 + 2.98a 87.41 + 2.69b 91.26 + 6.25b 
Rhizome 42.03 + 2.52 41.66 + 1.55 44.80 + 1.82 
Root 55.13 + 3.45a 66.07 + 4.24a 89.54 + 6.27b 





 Higher NH4NO3-N additions led to significantly less P and S adventitious root 
tissue concentrations (Table 3-3). NH4NO3-N addition did not significantly affect 
elemental concentrations of Al, B, Ca, Cu, Fe, Mg, Mn, N, K, Na, and Zn in any plant 
module. A significant interaction between flooding and NH4NO3-N addition was detected 
for Cu concentrations only. The following results summarize the concentration 












Table 3-3. Mean biomass and elemental concentrations for Leersia oryzoides across 
aqueous NH4NO3-N addition treatments (15 mg L-1, 50 mg L-1, or 100 mg L-1). Each 
value is the mean for 45 replications (+SE) for biomass measurements and 12 replications 
(+SE) for elemental concentrations. Significant differences across treatments are 
indicated by using different lower-case letters, according to Tukey's post-hoc. Differences 
were considered significant at α<0.05. 
 
 15 50 100 
Biomass (g)    
Leaf 7.65 + 0.69 8.54 + 0.70 8.39 + 0.64 
Stem 11.09 + 1.05 12.87 + 1.14 11.90 + 1.02 
Rhizome 6.60 + 0.71 6.68 + 0.66 6.52 + 0.75 
Root 7.04 + 0.88 7.83 + 0.80 6.70 + 0.89 
Al (µg g-1)    
Leaf 905.85 + 86.20 884.53 + 65.61 807.93 + 60.14 
Stem 912.50 + 54.43 857.06 + 89.90 750.88 + 66.09 
Rhizome 948.82 + 87.09 1119.03 + 198.14 1142.69 + 91.53 
Root 3368.90 + 551.60 4101.00 + 728.46 3209.53 + 451.62 
B (µg g-1)    
Leaf 21.61 + 1.44 20.98 + 1.23 19.04 + 0.83 
Stem 10.00 + 1.31 9.41 + 1.27 9.14 + 0.95 
Rhizome 10.10 + 0.81 11.97 + 2.39 11.32 + 1.00 
Root 14.88 + 1.22 16.24 + 1.19 13.49 + .88 
Ca (µg g-1)    
Leaf 6935.46 + 259.72 6597.21 + 244.20 6557.43 + 287.43 





Rhizome 2058.53 + 230.75 2170.88 + 285.66 2009.92 + 237.58 
Root 2980.88 + 249.75 3013.48 + 215.58 2872.25 + 219.24 
Cu (µg g-1)    
Leaf 20.29 +1.19 20.07 + 1.20 18.33 + 1.11 
Stem 26.53 + 1.28 25.12 + 1.60 24.20 + 1.47 
Rhizome 27.14 + 1.37 24.98 + 1.16 25.20 + 1.55 
Root 33.70 + 2.58 35.30 + 1.89 34.34 + 4.36 
Fe (µg g-1)    
Leaf 1034.27 + 114.67 988.29 + 100.32 871.01 + 77.20 
Stem 769.18 + 51.27 734.13 + 109.12 646.24 + 81.46 
Rhizome 1228.62 + 114.85 1422.51 + 263.82 1514.08 + 94.83 
Root 7790.33 + 666.29 8871.20 + 737.15 7598.55 + 1170.06 
K (µg g-1)    
Leaf 11667.18 + 667.12 11319.51 + 440.77 11581.76 + 499.61 
Stem 13694.66 + 521.16 12240.61 + 667.09 13928.12 + 423.30 
Rhizome 11501.40 + 667.70 10513.81 + 625.63 10084.41 + 570.81 
Root 10337.41 + 685.66 9371.11 + 581.06 9752.85 + 783.10 
Mg (µg g-1)    
Leaf 2330.63 + 113.76 2302.48 + 132.79 2571.30 + 193.06 
Stem 1955.73 + 79.75 1828.58 + 94.82 1995.23 + 111.29 
Rhizome 871.84 + 34.49 909.80 + 47.86 843.50 + 22.78 
Root 1673.23 + 111.22 1771.15 +84.64 1507.53 + 100.81 
Mn (µg g-1)    
Leaf 698.42 + 51.87 753.43 + 57.83 641.52 + 69.15 
Stem 
556.37 + 79.75 558.49 + 29.45 502.44 + 43.34 
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Rhizome 210.69 + 27.24 226.12 + 26.98 218.61 + 17.91 
Root 734.98 + 83.33 759.38 + 53.89 693.23 + 97.30 
N (%)    
Leaf 1.86 + 0.09 1.79 + 0.09 2.08 + 0.10 
Stem 0.83 + 0.06 0.85 + 0.05 0.95 + 0.06 
Rhizome 0.95 + 0.05 1.05 + 0.05 1.06 + 0.04 
Root 1.04 + 0.04 0.96 + 0.03 1.07 + 0.09 
Na (µg g-1)    
Leaf 366.72 + 44.23 343.71 + 30.16 347.03 + 45.32 
Stem 337.14 + 31.44 298.39 + 35.57 328.68 + 33.18 
Rhizome 573.95 + 54.41 568.21 + 70.00 590.59 + 69.65 
Root 922.23 + 71.83 927.98 + 107.09 1185.01 + 125.78 
P (µg g-1)    
Leaf 1891.66 + 124.39 1779.88 + 88.93 1921.77 + 132.01 
Stem 2275.10 + 117.04 2188.15 + 145.26 2233.41 + 137.80 
Rhizome 2464.62 + 99.91 2285.71 + 137.52 2231.96 + 107.68 
Root 1299.11+ 65.10a 1201.48 + 46.93a,b 1068.93 + 55.26b 
S (µg g-1)    
Leaf 2192.13 + 112.54 1942.16 + 110.17 2123.93 + 106.54 
Stem 1852.10 + 84.10 1611.88 + 106.63 1741.29 + 113.07 
Rhizome 1813.20 + 90.99 1581.71 + 88.72 1798.70 + 72.68 
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Zn (µg g-1) 
Leaf 59.76 + 3.63 53.18 + 2.87 59.66 + 5.23 
Stem 87.34 + 5.40 79.04 + 3.96 81.38 + 5.71 
Rhizome 45.24 + 2.69 41.24 + 1.52 42.01 + 1.48 
Root 76.55 + 7.44 68.91 + 5.33 65.28 + 5.98 
Table 3-3. Mean biomass and elemental concentrations for Leersia oryzoides across 
aqueous NH4NO3-N addition treatments 
 
 
Aluminum. Results indicate a greater concentration of Al was found in adventitious roots 
than other plant parts (F3, 140 =56.98, p <0.001) (Table 3-1). Al concentrations in leaves, 
stems, adventitious roots, and rhizomes showed no significant effects resulting from an 
interaction between flooding and NH4NO3-N addition. No effect on Al concentrations 
from flooding on leaves, stems, adventitious roots, and rhizomes (F2, 33 =2.68, p =0.083) 
(Table 3-2). There was no effect on Al concentrations from NH4NO3-N addition to 
leaves, stems, adventitious roots, or rhizomes (Table 3-3).   
Boron. Leaves had the greatest concentration of B, followed by adventitious roots, 
rhizomes and stems (F3, 140 =44.79, p <0.001) (Table 3-1). Plant tissue concentrations of 
B in leaves, stems, adventitious roots, and rhizomes showed no significant effects due to 
an interaction between flooding and NH4NO3-N addition. No effect on B tissue 
concentrations from increased flooding was detected, and no treatment effects from 
NH4NO3-N addition, on leaves, stems, adventitious roots, or rhizomes (Tables 3-2 and3- 
3) were found.   
Calcium. Leaves contained the highest concentration of Ca (F3, 140 =237.46, p <0.001), 
followed by adventitious roots, stems, and rhizomes (Table 3-1). Concentrations of Ca in 
leaves, stems, adventitious roots, and rhizomes showed no significant effects due to an 
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interaction between flooding and NH4NO3-N addition. No effect on Ca tissue 
concentrations from increased flooding and no treatment effect of NH4NO3-N addition to 
leaves, stems, adventitious roots, or rhizome (Tables 3-2 and 3-3) were observed.   
Copper. Adventitious roots had the highest concentration of Cu (F3, 140 =31.21, p <0.001) 
(Table 3-1). Stems and rhizomes had similar concentrations and leaves had the lowest 
concentration of Cu. Measurements of Cu concentrations in leaves, stems, and rhizomes 
did not indicate an effect due to an interaction between flooding and NH4NO3-N addition. 
An interactive effect on Cu concentrations in adventitious roots was detected (F2, 2,4,27 
=5.33, p =0.003). No detectable differences were found in Cu tissue concentrations in 
stems grown in different flooding treatments. Leaves (F2, 33 =6.56, p =0.004), 
adventitious roots (F2, 33 =16.77, p <0.001), and rhizomes (F2, 33 =8.85, p =0.001) had 
significantly higher Cu concentrations in CF (Table 3-2). No treatment effect on Cu 
concentrations from NH4NO3-N addition to leaves, stems, adventitious roots, and 
rhizomes (Table 3-3) were observed.   
Iron. The greatest concentration of Fe was found in adventitious roots (F3, 140 =185.02, p 
<0.001) (Table 3-1), while leaves, stems, and rhizomes contained significantly less. Plant 
tissue concentrations and allocation of Fe in leaves, stems, adventitious roots, and 
rhizomes showed no significant effects due to an interaction between flooding and 
NH4NO3-N addition. No significant effects of flooding on Fe tissue concentrations were 
found in leaves, stems, adventitious roots (F2, 33 =2.58, p =0.091), or rhizomes (F2, 33 
=3.10, p =0.059) (Table 3-2). NH4NO3-N addition had no detectable effects on Fe tissue 




Magnesium. All plant modules contained significantly different concentrations of Mg (F3, 
140 =112.99, p <0.001) (Table 3-1). The highest concentration was found in the leaves, 
followed by stems, adventitious roots, and rhizomes. Plant tissue concentrations of Mg in 
leaves, stems, adventitious roots, and rhizomes showed no significant effects due to an 
interaction between flooding and NH4NO3-N addition. No detectable effects of flooding 
were detected in stems (F2, 33 =3.19, p =0.054), adventitious roots, or rhizomes; however, 
leaves in PF had higher concentrations (F2, 33 =3.41, p =0.045) (Table 3-2). No treatment 
effects on Mg concentrations from NH4NO3-N addition to leaves, stems, adventitious 
roots, or rhizomes were observed (Table 3-3).   
Manganese. Adventitious roots and leaves had higher concentrations of Mn than stems, 
while the lowest concentrations were found in rhizomes (F3, 140 =57.15, p <0.001) (Table 
3-1). Plant tissue concentrations of Mn in leaves, stems, adventitious roots, and rhizomes 
showed no significant effects due to an interaction between flooding and NH4NO3-N 
addition. No detectable effects due to flooding on Mn concentrations in leaves, stems, or 
rhizomes were seen; however, adventitious roots had increased concentrations with 
increased flooding (F2, 33 =4.24, p =0.023) (Table 3-2). No treatment effects on Mn 
concentrations from NH4NO3-N addition to leaves, stems, adventitious roots, or rhizomes 
were detected (Table 3-3).   
Nitrogen. The highest concentration of total N was found in leaves while significantly 
less was found in stems, adventitious roots and rhizomes (F3, 140 =144.12, p <0.001) 
(Table 3-1). Plant tissue concentrations and allocation of total N in leaves, stems, 
adventitious roots, and rhizomes showed no significant effects due to an interaction 
between flooding and NH4NO3-N addition. No effects on total N concentrations due to 
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flooding in leaves, stems, adventitious roots, or rhizomes were found (Table 3-2). No 
treatment effect on N concentrations from NH4NO3-N addition to leaves, stems, 
adventitious roots, or rhizomes were observed (Table 3-3).   
Potassium. The highest concentration of K were in the stems followed by leaves, 
rhizomes, and adventitious roots (F3, 140 =17.86, p <0.001) (Table 3-1). Plant tissue 
concentrations of K in leaves, stems, adventitious roots, and rhizomes showed no 
significant effects due to an interaction between flooding and NH4NO3-N addition. 
Flooding did not show a detectable effect on K concentrations in leaves, stems, or 
adventitious roots; however, K concentrations increased with flooding in rhizomes (F2, 33 
=3.54, p =0.041) (Table 3-2). No effect on K concentrations due to NH4NO3-N addition 
was found in leaves, stems, adventitious roots, or rhizomes (Table 3-3).   
Phosphorus. Higher concentrations of P were found in rhizomes and stems than in leaves, 
with the lowest concentrations found in adventitious roots (F3, 140 =67.28, p <0.001) 
(Table 3-1). Plant tissue concentrations of P in leaves, stems, adventitious roots, and 
rhizomes showed no significant effects due to an interaction between flooding and 
NH4NO3-N addition. No significant effects on P tissue concentrations due to flooding on 
leaves, stems, adventitious roots or rhizomes were detected (Table 3-2). Concentrations 
of P were not affected by NH4NO3-N addition to leaves, stems, or rhizomes; however, in 
adventitious roots, P concentrations decreased with increases in NH4NO3-N addition (F2, 
33 =4.22, p =0.023) (Table 3-3). 
Sodium. The highest concentrations of Na were found in adventitious roots, followed by 
rhizomes, leaves and stems (F3, 140 =67.16, p <0.001) (Table 3-1). Plant tissue 
concentrations of Na in leaves, stems, adventitious roots, and rhizomes showed no 
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significant effects due to an interaction between flooding and NH4NO3-N addition. 
Flooding had no detectable effect on concentrations in leaves and stems (F2, 33 =3.01, p 
=0.063). Flooding affected adventitious roots with the highest concentrations found in PF 
(F2, 33 =9.67, p <0.001) and rhizomes where N concentrations increased with flooding (F2, 
33 =9.29, p =0.001) (Table 3-2). No detectable effects of NH4NO3-N addition on Na 
concentrations in the leaves, stems, adventitious roots or rhizomes were found (Table 3-
3).   
Sulfur. The highest concentration of S was found in the leaves, followed by stems, 
rhizomes and adventitious roots (F3, 140 =17.91, p <0.001) (Table 3-1). Plant tissue 
concentrations of S in leaves, stems, adventitious roots, and rhizomes showed no 
significant effects due to an interaction between flooding and NH4NO3-N addition. No 
detectable effects on S concentrations from flooding on stems and rhizomes were 
observed (F2, 33 =2.75, p =0.079) (Table 3-2). Flooding affected S concentrations in 
leaves (F2, 33 =6.13, p =0.005) and adventitious roots (F2, 33 =3.87, p =0.031), with 
concentrations being highest in CF. No detectable effects of NH4NO3-N addition to 
leaves, stems, or rhizomes (Table 3-3). NH4NO3-N addition at 15 mg N L-1 had the 
highest concentration of S in adventitious roots, with decreased amounts associated with 
the 100 mg N L-1 treatment, and the least amount associated with the 50 mg N L-1 
treatment (F2, 33 =3.28, p =0.050).  
Zinc. The highest concentration of Zn was found in stems, followed by adventitious roots, 
leaves and rhizomes (F3, 140 =41.14, p <0.001) (Table 3-1). Plant allocation of Zn in 
leaves, stems, adventitious roots and rhizomes showed no significant effects due to an 
interaction between flooding and NH4NO3-N addition. Flooding did not significantly 
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affect the Zn concentrations in rhizomes; however, tissue concentrations increased with 
flooding in leaves (F2, 33 =8.79, p =0.001), stems (F2, 33 =7.63, p =0.002), and adventitious 
roots (F2, 33 =13.40, p <0.001) (Table 3-2). No effects on tissue Zn concentrations due to 
NH4NO3-N addition to leaves, stems, adventitious roots or rhizomes were detected (Table 
3-3).  
 Plant Growth. Interactive effects between flooding and NH4NO3-N addition 
were not detectable with any measurements of plant biomass components. Flooding 
increased leaf (F2, 132 =12.17, p <0.001), stem (F2, 132 =9.59, p <0.001), and adventitious 
root (F2, 132 =9.32, p <0.001) biomass in PF (Table 3-2, Figure 3-1). Rhizome (F2, 132 
=16.24, p <0.001) biomass in CF was significantly lower than other treatments (Table 3-






































Figure 3-1. Leaf, stem, rhizome, and adventitious root biomass of Leersia oryzoides 
across soil moisture treatments. The treatments were control (C), partial flooded (PF), 
and continuously flooded (CF). Plants were harvested 6 weeks following the treatment 
initiation. Each value is the mean for 45 replications (+SE). Significant differences across 
treatments are indicated by using different lower-case letters, according to Tukey's post-









































































































Figure 3-2. Aboveground/belowground biomass ratio of Leersia oryzoides. Plants were 
harvested 6 weeks following the flooding treatment initiation. a) Soil moisture treatments 
were control (C), partial flooded (PF), and continuously flooded (CF) b) Aqueous 
NH4NO3-N addition treatments, were given in two separate doses of concentrations at 15 
mg L-1, 50 mg L-1, and 100 mg L-1. c) Adventitious root/rhizome biomass ratio of Leersia 
oryzoides across soil moisture treatments. Each value is the mean for 45 replications (+ 
SE). Significant differences across treatments are indicated by using different letters, 





 Aboveground-to-belowground ratio was significantly greater in CF (2.02 +0.10) 
than other soil moisture treatments (1.45 +0.07 and 1.63 +0.11) (C and PF respectively) 
(F2, 132 =9.03, p <0.001) (Figure 3-2a). In addition, aboveground-to-belowground ratio 
was significantly greater in 100 mg N L-1 (1.89 +0.13) treatments than in 15 mg N L-1 
treatments (1.54 +0.08) (F2, 132 =3.14, p =0.05) (Figure 3-2b). No significant treatment 
effects on leaf-to-stem ratio were found. Adventitious root-to-rhizome ratios were 
significantly greater in CF (1.76 +0.13) than other soil moisture treatments (0.75 +0.05 
and 1.16 +0.08, C and PF respectively) (F2, 132 =30.18, p <0.001) (Figure 3-2c).  
DISCUSSION 
Nutrient Tissue Concentrations. Anion macronutrients utilized by plants are 
soluble in water and may be moved by mass flow and leached from the soil following 
irrigation, high precipitation events, or erosion. These nutrients are of special concern 
because excessive application can cause an imbalance in receiving waters (Galloway et 
al., 2003). The anions, N, P, and S are in the forms of NO3-, dihydrogen phosphate 
(H2PO4-), hydrogen phosphate (HPO42-), and sulfate (SO42-).  
 All growth processes in plants require large amounts of N. Plants absorb N in the 
form of NO3- or NH4+ from the soil (Epstein, 1972). In this study, leaves had the highest 
concentrations of N, where as much as 70% of total leaf N may be in chloroplasts 
(Stocking and Ongun, 1962). In addition, chlorophyll contains Mg compounds (Fitter and 
Hay, 2002). The highest Mg tissue concentrations occurred in the leaves of the PF 
treatment, which is supported by the observation that the chlorophyll content of leaves of 
L. oryzoides have been measured to be highest in partially flooded plants (Koontz and 
Pezeshki, 2011). Stems had the lowest concentrations of N, indicating that when 
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measuring N tissue concentrations in L. oryzoides, consideration of concentrations in 
leaves is the most important. Leaves are the primary component tested for analysis of 
nutrient concentrations, based on the assumption that changes in leaf nutrient 
concentrations are correlated with changes in physiological activities in the leaf (Fitter 
and Hay, 2002).  
 Highest tissue concentrations of S were in the leaves. S is a constituent of some 
proteins involved in photosynthesis (Epstein, 1972). The lowest S tissue concentrations 
were found in adventitious roots. Concentrations of S were highest in the CF treatment of 
leaves and adventitious roots. Flooded conditions promote slow leaching of S, making it 
available to the plant for uptake (Mitsch and Gosselink, 2007). Tissue concentrations of S 
were lowest in the 50 mg N L-1 addition. Excessive available N in low organic matter 
soils may cause S to occur below sufficient levels. The majority of total S is found in the 
soil organic matter. 
Rhizomes contained the highest concentrations of P, while the adventitious roots 
contained the lowest. Rhizomes may act as a sink for excess P which could then be 
mobilized for new growth. HPO42- is incorporated into adenosine triphosphate (ATP), 
which is required in all living cells for energy transfer and metabolism (Epstein, 1972). 
The greatest loss of applied HPO42- is from erosion. The low amount of organic matter in 
the soil used in this study may have had an indirect influence on the amount of P 
available in the soil due to the lack of microbial activity. As the NH4NO3-N addition 
concentration increased to 100 mg N L-1, significantly less concentrations of P were 
observed in adventitious roots. The high concentration of NH4NO3-N may have affected 
certain physiological and biological conditions of the soil, resulting in insoluble and 
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unavailable forms, such as phosphates of Fe, Al, or Ca (Vymazal et al., 1989), which 
explains the lowest concentrations of P being found in the adventitious roots. 
 Plants in wetland soils experience a lack of oxygen represented by reducing 
conditions. The flooded soil used in the study had an Eh of less than +350 mV, which 
reflects anoxic conditions of limited oxygen availability. Wetland plants can decrease 
oxygen consumption in response to low oxygen concentrations to avoid internal anoxia 
(Geigenberger, 2003). Under hypoxia, ethylene-dependent death and lysis of cells occur 
behind the apex, where cells are fully expanded, resulting in gas-filled channels 
becoming aerenchymous to convey oxygen from the leaves (Drew, 1997). This passage 
reduces internal respiring tissue and enhances the potential for oxygen to reach 
underground portions (Pezeshki, 2001). Internal plant tissue oxygen concentrations may 
be effected by highly competitive oxygen demand within the plant along with an oxygen 
demand in the sediment and oxygen leakage into the rhizosphere (Pezeshki, 2001). P, Fe, 
and Al become more soluble and, therefore, available under flooded conditions. Water 
conservation under flooded conditions reduces the rate that soil toxins diffuse toward the 
root and increases the probability of detoxification as they move through the oxidized 
rhizosphere (Mitsch and Gosselink, 2007). The PF plants had the highest concentrations 
of Fe in adventitious roots and rhizomes, and highest concentrations of Al were in 
rhizomes, although the differences were not significant. Excessive moisture, such as 
found in the CF treatment, reduces aeration, root extension, and eventually nutrient 




  Cu, Mn, and Zn, were found in higher concentrations in adventitious roots of the 
CF plants. These elements function as a part of or with enzyme systems involved with 
plant growth, regulation, and restoration (Fitter and Hay, 2002). Some studies have 
shown interdependence between Cu and Mn (O’Sullivan, 1969). In addition, as flooding 
treatments intensified in the CF treatment, K concentrated in the rhizome. When K is 
dissolved into the soil solution, it tends to leach more quickly out of sandy soils, making 
elemental uptake easier (Mitsch and Gosselink 2007). Soil erosion will remove K from 
agricultural fields (O’Geen and Schwankl, 2006).  
Growth. The mean total biomass of plants per pot was 33.94 +1.75 g. The 
average percent allocated to each module across all treatments was approximately 35% to 
stems (11.96 +0.61 g), 24% to leaves (8.19 +0.39 g), 21% to adventitious roots (7.19 
+0.49 g), and 20% to rhizomes (6.60 +0.40 g). The lack of significant effects on growth 
due to the NH4NO3-N addition indicates that plants acquired all required nitrogen without 
reaching a toxic level.  
 Soil moisture treatments had an effect on plant growth. PF treatment plants 
produced the most overall biomass (44.92 +3.62 g) of a plant per pot compared to other 
treatments (29.24 +2.56 g and 27.64 +2.06 g) (C and CF, respectively). The potential rate 
of nutrient uptake by plants is limited by growth rate and plant tissue concentration 
(Vymazal et al., 1989). Although tissue concentrations of N and P were not significantly 
different, plants in PF were able to immobilize higher amounts of these elements due to 




 Resource allocation strategies differed between the C and CF treatments, even 
though total biomass measurements were not significantly different. Plants in CF had the 
highest aboveground-to-belowground ratio when compared to other treatments. Plants 
may reallocate resources to leaf and root tissues depending on their relative needs. These 
needs change with plant age, growth, and development, and are primarily controlled by 
the internal mechanisms that balance the relative redistribution of resources to root and 
leaf modules based on the most optimal balance for the plant as an independent organism 
(Bazzaz and Grace, 1997; Lovett-Doust et al., 1983). During the growing season, fine-
root respiration rates and longevity are closely linked to photosynthesis rates and whole-
plant source-sink relationships (Eissenstat and Yanai, 2002). CF plants had higher 
adventitious root-to-rhizome ratios when compared to other treatments, altering their 
growth patterns to tolerate reduced conditions. Rhizomes of CF plants had half the 
biomass of rhizomes in C and PF treatments plants. Morphologically, the plants in CF 
had adventitious roots that grew to 5 cm up toward the surface of the water, likely in 
order to allow the diffusion of oxygen into the plant. This may reflect a strategy to 
maintain the plant until conditions improved.  
 Roots may acclimate metabolically to the gradual loss of oxygen supply in 
flooded soils, improve their tolerance to anoxia, or partially avoid oxygen deficiency by 
structural changes that aid internal transfer of oxygen to the roots via shoots (Drew, 
1990). Metabolic changes in the plant under hypoxia help maintain cell survival in the 
root apical meristems, which is important for future development (Drew, 1997). A high 
capacity for producing adventitious roots compensates for the decay of original roots 
under soil anaerobiosis (Kozlowski and Pallardy, 2002). Increased root surface area has 
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been shown to increase the probability of root interception of ions (Colmer and 
Greenway, 2010). Adventitious root function is superior during flooded conditions, 
although diminished nutrient delivery exists; moderate shoot growth is still observed. 
 Changes in the soil environment may change the nutrient uptake efficiency of the 
root and, hence, the optimal longevity (Eissenstat and Yanai, 2002). Root life span 
responds to soil fertility, but measurements of growth have been inconsistent (Eissenstat 
and Yanai, 2002). Increased N availability has been associated with decreased root life 
span in some studies (Majdi and Kangas, 1997; Pregitzer et al., 2000) and with greater 
root life spans in other studies (Pregitzer et al., 1993; Fahey and Hughes, 1994; Wells, 
1999; Burton et al., 2000). This suggests that roots are maintained as long as the benefit 
they provide (nutrients) outweighs the cost of keeping them alive (Burton et al., 2000). 
Suboptimal root function leads to nutrient deficiencies in shoots (Colmer and Greenway, 
2010). 
 The time and character of growth should be considered when interpreting this 
study. Plants were harvested late in the growing season after a second growth peak, 
possibly contributing to the low N content in the leaves; some of the plants were 
beginning to show early signs of senescence. Comparing the nutrient content of L. 
oryzoides over the course of a growing season would be helpful in understanding how 
nutrient contents of the plant changes throughout the year. Because both N and P are 
released back into the system (Vymazal et al., 1989), removal of vegetation could be 
considered. A need exists for long-term field studies to determine this species’ potential 
to survive and mitigate contaminants such as N in agroecosystems. Wetland plants, such 
as L. oryzoides, are a viable option for removing contaminants in agricultural runoff. By 
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assessing plant function, a better understanding may be gained of the specific services a 
particular species may offer, such as the ability to remove nitrogen from runoff. Soil 
conservation is enhanced when the banks of drainage ditches are vegetated (Herzon and 
Helenius, 2008). Land management systems need to balance both natural and 
anthropogenic processes; however, the composition, structure and function of the 
surrounding ecosystem must be considered. In order to develop a sustainable plan, the 
anthropogenic effects on biodiversity and ecosystem functions must be examined, and 
results used toward mitigating excess fertilizers.  
Conclusions 
 Leersia oryzoides has the ability to adapt and persist in environmental conditions, 
encountered in drainage ditches and associated buffers. This grass is capable of 
reallocating resources in response to fluctuations in hydrology and of tolerating excess 
aqueous N. PF plants had the greatest accumulation of biomass. These conditions 
facilitate the plants to be able to immobilize excess nutrients, such as N and P, typically 
found in agricultural runoff. Results indicate that L. oryzoides may affect elemental 
concentrations in surface waters by its ability to uptake various elements and subsequent 
sequestration in various biomass components. Optimal allocation strategies in plants 
under partially flooded conditions indicate that L. oryzoides may be considered for 
planting in areas that experience such dynamic and diverse hydraulic regimes, such as 
agricultural drainage ditches and the surrounding vegetated buffers. Managers should 
consider removal of the senesced aboveground plant tissue through mowing or burning to 
reduce the re-release of nutrients into the waterway while making efforts to minimize the 
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Chapter 4. Seasonal changes in nutrient allocation and growth of a wetland plant 
grown in constructed drainage ditches 
1. Introduction 
Nonpoint inputs are linked to seasonal agricultural activity, which is the dominant 
input of water pollution in the United States (Carpenter et al., 1998). Historically, 
agricultural management has been determined by culture, history, policies, and 
institutional and economic limitations without a complete understanding of the effects of 
such practices on landscape processes leading to a reduction of ecosystem goods and 
services, such as gas regulation, disturbance regulation, sediment retention, nutrient 
cycling, water regulation, and water treatment (Costanza et al., 1987; Farber et al., 2006). 
Present day agricultural practices maximize the level of food production with the use of 
irrigation and agrochemicals, all of which ultimately affect the global environment 
(Tilman et al., 2002; McNeill and Winiwarter, 2004).  
Synthetic fertilizer is one of the primary determinates of global cropland yields 
(Galloway et al., 2003). All growth processes in plants require large amounts of nitrogen 
(N). Plants absorb N in the form of nitrate (NO3-) or ammonium (NH4+) from the soil 
(Epstein, 1972). N applied to soil will eventually become NO3-, a mobile cation, which is 
available for movement in water. As land drainage has increased for agriculture, so has N 
application, contributing NO3− to the discharge in the lower Mississippi River Basin 
(MRB) (Bratkovich et al., 1994; Turner et al., 1998; Rabalais et al., 2002). The major 
driver of degradation in the Delta is upstream water management (Boelee et al., 2011). 
There is a growing accumulation of well documented scientific evidence indicating a 
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strong correlation between the worsening of hypoxia in the northern Gulf of Mexico and 
the increase in N loading (Rabalais et al., 2002).  
Ephemeral and intermittent drainage ditches and ditch slopes often have wetland 
components (Kröger et al., 2007) defined as fluctuating hydrology, unique soil conditions 
that differ from adjacent uplands, and hydrophytic vegetation (Mitsch and Gosselink, 
2007). Agricultural drainage ditches and their associated vegetative buffers can function 
as wetlands linking the agricultural surface and subsurface flow to receiving waters, 
effectively channeling the water from the saturated zone along fields directly into streams 
and rivers, and eventually the oceans (Goolsby et al., 2001; Moore et al., 2001; Kröger et 
al., 2007). Plants buffers diversify the agricultural landscape, trapping and removing 
nonpoint source pollutants, such as excess nutrients in the waterway through direct 
assimilation and immobilization (Kröger et al., 2007; Koontz et al., in press). Multi-
species vegetated drainage ditches and riparian buffer strips can actively provide natural 
services (Schultz et al., 1995; Cooper et al., 2004) including increased distribution of 
beneficial organisms, providing habitat for wildlife, increased water availability and 
filtration, and improved bank stability and soil fertility (Mitsch and Gosselink, 2007).  
Obligate wetland plants, found in open freshwater wetlands (Farnsworth and 
Myerson, 2003), are commonly found in agricultural ditches (Bouldin et al., 2004). 
Wetland plants can both respond to and change their environments by altering soil 
chemistry and increasing surface area for microbial growth in the rhizosphere, including 
supplying oxygen to heterotrophic microorganisms in the rhizosphere and increasing or 
stabilizing the hydraulic conductivity of the soil (Brix, 1997). Grasses in particular can 
form dense stands that affect soil structure (Shultz et al., 1995; Mankin et al., 2007). 
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Well-developed root systems and rapid growth rate are structural aspects that increase 
water infiltration, which is strongly linked to efficient sediment removal and contaminant 
uptake (Mankin et al., 2007).  
 An obligate wetland plant species, rice cutgrass (Leersia oryzoides (L.) Sw.) is 
found in agricultural ditches (Bouldin et al., 2004). L. oryzoides is an erect, perennial 
grass (Poaceae) that can form dense colonies (Hayden, 1919; USDA, 2006). This grass is 
found in as many as 80% of edge-of-field waterways in the Mississippi River Delta 
landscape and persists in all drainage ditch size classes (Bouldin et al., 2004). L oryzoides 
contributes to seed banks, especially in areas subject to sedimentation and fluctuating 
hydrology (Galatowitsch and van der Valk, 1996; Le Page and Keddy, 1998; Peterson 
and Baldwin, 2004). Extensive systems of belowground rhizomes facilitate increased 
numbers of shoots that may allow plants to endure or avoid environmental stresses 
(Darris and Barstow, 2006; Pierce et al., 2007). The leaf structure of L. oryzoides 
promotes water-conserving measures (Hayden, 1919), which may enable this species to 
tolerate brief periods of drought during periodic dropdowns in water levels within the 
ditch. Additionally, L. oryzoides can grow readily and tolerate variable water levels, 
including continuously flooded conditions, and high concentrations of N (Pierce et al., 
2007; Koontz and Pezeshki, 2011). Such attributes demonstrate this species ability to 
survive and potentially affect water quality by reducing effluent nutrient concentrations 
through uptake and sequestration (Deaver et al., 2005; Pierce et al., 2009; Tyler et al. 
2012; Koontz et al., in press).  
 The purpose of this project was to improve the understanding of the degree to 
which vegetation in drainage ditches can sequester excess nutrients in order to improve 
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water quality. The specific objective was to quantify temporal nutrient and biomass 
allocation in an obligate wetland plant, Leersia oryzoides, which frequently grows in 
agricultural drainage ditches. Here, we provide results on plant resource allocation of L. 
oryzoides grown in a controlled drainage ditch. Water from these ditches are destined for 
the Mississippi River.  
2. Methods 
2.1 Site selection 
The present study took place at the Arkansas State University (ASU) agricultural 
facility in Jonesboro, Craighead County, Arkansas (35º50’21.35”N, 90º40’02.29”W) 
(Figure 4-1). A large reservoir pond with inputs from a groundwater source was 
connected with standard pipes attached to butterfly valves (Figure 4-2a) that serve as 
inflows to each of the eight constructed drainage ditches (Figure 4-2b). The ditches were 
numbered 1 through 8 from east to west. Each ditch had a mean length of 58.7 m (192.59 
ft) and a mean width of 1.89 m (6.20 ft). Water levels were raised, weekly, to a level of 
approximately 30 cm (11.81 in) within each ditch. The average total water volume per 
ditch was 23.85 m3 (842.25 ft3) (Kröger et al., 2011), which was not exceeded due to a 






Figure 4-1. Plants were grown in Craighead County, Arkansas, at the Arkansas State 
University Farm in Jonesboro (35º50’21.35”N, 90º40’02.29”W). A reservoir pond with 
inputs from a groundwater source was used to maintain water levels within the ditches. 
The eight drainage ditches were approximately 59 m long and 2 m wide. Two ditches 





b)   (c)  (a) (
Figure 4-2. Water levels are maintained using (a) a control valve releasing water at the 
top of (b) the ditch and (c) a drain removing excess water at the end of each drainage 
ditch. 
2.2 Plant materials 
Plants were collected from wild populations of L. oryzoides at the University of 
Mississippi Field Station near Abbeville, Mississippi. Individual plants were separated 
and then cut to 5 cm (2 in) with equal parts of both stem and rhizome. The fresh weight 
of each plant was 0.27 +0.05 g (0.0095 + 0.0018 oz). Individual plants were randomly 
selected and grown in pots filled with field soil. Pots were purchased from Nursery 
Supplies Inc. The pots were constructed of black polyethylene (Product ID: C2800). Each 
pot was 23.04 liter (6.09 gal) with a top diameter of 35.56 cm (14 in) and a height of 
29.21 cm (11.5 in), each having holes in the bottom for drainage.   
2.3 Soil description 
The soil used in this study was Bruno loamy sand (NRCS, 2011) obtained from 
Craighead County, Arkansas. The Bruno series consists of very deep, excessively 
drained, rapidly permeable soils (NRCS, 2011). This soil was classified as sandy loam 
(69.3% sand, 23.6% silt, and 7.1% clay) with low organic matter content (0.5%). The 
Mehlich-3 test was used to obtain soil elemental results. The soil element concentrations 
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were 0.4 ppm boron (B), 1614 ppm calcium (Ca), 1.2 ppm copper (Cu), 137 ppm iron 
(Fe), 134 ppm potassium (K), 170 ppm magnesium (Mg), 63 ppm manganese (Mn), 41 
ppm sodium (Na), 47 ppm phosphorus (P), 6 ppm sulfur (S), and 3.1 ppm zinc (Zn). Soil 
N was determined using a LECO FP-528 nitrogen analyzer (St. Joseph, MI, USA). There 
was 0.45% soil N with 5.1 mg L-1 nitrate (NO3-N) and 3.9 mg L-1 ammonium (NH4-N). 
The calculated cation exchange capacity was 10.9 meq 100 g-1. The calculated cation 
saturation values were 74.0% for Ca, 8.1% for hydrogen (H), 3.2% for K, 13.0% for Mg, 
and 1.6 % for Na. The K: Mg ratio was 0.24. The initial soil pH was 6.5. 
2.4 Experimental procedure  
Plants were potted on May 6, 2008, and placed within the ditches on May 9, 2008. 
Each ditch contained 40 pots, each containing one individual. A total of 320 individual 
plants were grown. Over a period of six seasons, four plants per ditch were randomly 
selected and harvested. Each individual plant was measured for elemental tissue 
concentration and biomass. The collection dates were June 9, 2008 (spring), August 15, 
2008 (summer), October 4, 2008 (autumn), March 9, 2009 (winter), May 14, 2009 
(second spring), and June 21, 2009 (second summer), totaling six collection dates.  
2.5 Elemental analyses 
Plant tissue was oven dried, ground, and analyzed for total nitrogen and total 
phosphorus. Plants were ground in a Wiley Mill and passed through a 1-mm-diameter 
mesh. Total nitrogen (N) was determined using an elemental analyzer (detection limit 
>0.9 mg L-1), while total phosphorus (P) was determined using an inductively coupled 




2.6 Plant growth  
Plants were harvested and partitioned into aboveground (shoot) and belowground 
(root) components. The shoots included the leaves and stems, and the roots included the 
rhizomes and adventitious roots. Plant parts were placed in separate bags and oven-dried 
at 65°C (149°F) for 48 hours, or until a constant weight was reached. Biomass of shoots 
and roots were measured to the nearest 0.01 g (0.0035 oz). Shoot to root ratios were 
calculated by dividing shoot biomass by root biomass. 
2.7 Data analyses 
Differences in means of tissue nutrient concentrations and biomass measurements 
between shoot and root components were determined using t-test. Differences in means 
of tissue nutrient concentrations and biomass measurements were individually analyzed 
and tested utilizing analysis of variance (ANOVA) (SYSTAT, 2004) with six levels of 
season as independent factors. Significant results were followed by Tukey's post-hoc 
analysis (Hinkle et al., 2003). Differences were considered significant at α<0.05. All 
graphs were made using Sigma Plot 12. 
3. Results 
 A comparison of tissue nutrient contents and biomass allocation of L. oryzoides 
harvested seasonally from drainage ditches revealed statistically significant differences 







Table 4-1. Measurements of elemental concentrations, total nitrogen (N) and total 
phosphorus (P) (mg L-1), and biomass allocation in the shoots and roots of Leersia 
oryzoides, rice cutgrass, are compared across seasons. Plants were harvested seasonally 
(spring, summer, autumn, winter, second spring, and second summer) from eight 
drainage ditches. Statistically significant differences among seasons are indicated by the 
superscript lowercase letters. 
Season Total Shoot N 
(mg L-1) 
Total Root N (mg 
L-1) 
Total Shoot P 
(mg L-1) 
Total Root P 
(mg L-1) 
Spring 35.29+2.12a 18.81+2.14a,c 9.07+0.43a 6.70+0.45a 
Summer 29.17+1.94a 12.72+1.73a,b 7.15+0.30b 3.98+0.51b,c 
Autumn 20.01+1.08b 21.21+1.01c 4.63+0.19c 5.29+0.24a,c 
Winter 16.51+0.71b 20.89+2.29c 3.39+0.18d 5.48+0.58a,c 
Spring2 31.81+1.66a 22.19+1.51c 5.98+0.43b,e 4.32+0.23b,c 
Summer2 21.56+1.68b 12.01+1.39a,b 5.54+0.56c,e 3.45+0.30b 
 
Season Shoot biomass (g) Root biomass (g) Shoot to Root Ratio 
Spring 1.17+0.16a 0.76+0.09a 1.57+0.11a
Summer 34.51+7.78a 52.98+11.47a,b 0.66+0.06b
Autumn 97.78+20.25b 137.30+24.81b 0.73+0.10b
Winter 38.27+6.22a 93.35+18.46a,b 0.54+0.07b,c
Spring2 30.55+6.00a 139.42+33.25b 0.30+0.06c






Measurements of N concentrations were higher in the shoots compared to the 
roots in both the first and second, spring (t15=5.681, p<0.001; t15=6.228, p<0.001) and 
summer (t15=5.346, p<0.001; t15=4.246, p=0.001) (Figure 4-3). There was no difference 
in N concentrations between the shoot and root during the autumn (t15=-1.005, p=0.331) 
and winter (t15=-1.910, p=0.075). Total N concentrations in the shoot and in the root 
differed due to season (F5,90=21.322, p<0.001; F5,90=6.684, p<0.001, respectively) (Table 
4-1). The shoot N measurements were higher in spring (35.29+2.12 mg L-1), summer 
(29.17+1.94 mg L-1), and second spring (31.81+1.66 mg L-1) compared to autumn 
(20.01+1.08 mg L-1; p<0.002), winter (16.51+0.71 mg L-1; p<0.001), and second summer 
(21.56+1.68 mg L-1; p<0.015). The root N measurements were higher in autumn 
(21.21+1.01 mg L-1), winter (20.89+2.29 mg L-1), and second spring (22.19+1.51 mg L-1) 
than both first summer (12.72+1.73 mg L-1; p<0.015) and second summer (12.01+1.39 























Figure 4-3. Total nitrogen (N) (mg L-1) allocated to either shoot or root components of 
Leersia oryzoides, rice cutgrass, grown over a period of six seasons. Plants were 
randomly selected and harvested seasonally (spring, summer, autumn, winter, second 
spring, and second summer) from eight drainage ditches. Bars represent the means + 
standard error. Statistically significant differences between shoot and root components 








Measurements of P concentrations were higher in the shoots compared to the 
roots in both the first and second spring (t15=4.359, p=0.001; t15=3.332, p=0.005) and 
summer (t15=5.534, p<0.001; t15=3.792, p=0.002) (Figure 4-4). Higher concentrations of 
P were measured in the root compared to the shoot during the autumn (t15=-5.132, 
p<0.001) and winter (t15=-3.156, p=0.007). The total P concentrations in the shoot and in 
the root differed due to season (F5,90=28.070, p<0.001; F5,90=8.424, p<0.001, 
respectively) (Table 4.1). Seasonal P concentrations in the shoot were highest in the first 
spring (9.07+0.43 mg L-1) (p<0.006). The shoot P concentrations continued to decrease in 
the first summer (7.15+0.30 mg L-1), and again in autumn (4.63+0.19 mg L-1), reaching 
the lowest concentration during the winter (3.39+0.18 mg L-1).  The shoot P 
concentrations increased second spring (5.98+0.43 mg L-1) and second summer 
(5.54+0.56 mg L-1) to corresponding measurements of the previous season’s 
concentrations.  The total P concentrations in the root were highest in first spring 
measurements (6.70+0.45 mg L-1), decreasing to the lower measurements during the 
summer (3.98+0.51 mg L-1). Root P concentrations increased slightly during the autumn 
(5.29+0.24 mg L-1) and winter (5.48+0.58 mg L-1). Then, root P concentrations decreased 
during the second spring (4.32+0.23 mg L-1), reaching the lowest concentrations in the 
































Figure 4-4. Total phosphorus (P) (mg L-1) allocated to either shoot or root components of 
Leersia oryzoides, rice cutgrass, grown over a period of six seasons. Plants were 
randomly selected and harvested seasonally (spring, summer, autumn, winter, second 
spring, and second summer) from eight drainage ditches. Bars represent the means + 
standard error. Statistically significant differences between shoot and root components 







Shoot and root biomass allocation differed during all seasons (Table 4-1; Figure 
4-5), and shoot to root ratio varied across seasons (F5,90=35.436, p<0.001; Table 4-1; 
Figure 4-6). The shoot biomass was greater than that of the root only the first spring 
(t15=4.446, p<0.001). The highest shoot to root ratio was the first spring (1.57+0.11) 
compared to all other seasons (p<0.001). Root biomass was greater than the shoot 
biomass during all following seasons; summer (t15=-4.315, p=0.001), autumn (t15=-2.355, 
p=0.033), winter (t15=-3.949, p=0.001), second spring (t15=-3.631, p=0.002), and second 
summer (t15=-4.508, p<0.001). The first summer (0.66+0.06) and autumn (0.73+0.10) 
shoot to root ratio was higher than both the second spring (0.30+0.06) and second 
summer (0.33+0.04). Shoot biomass varied across seasons (F5,90=10.383, p<0.001). 
Autumn had the highest biomass (97.78+20.25 g) compared to all other seasons 
(1.17+0.16 to 38.27+6.22 g; p<0.001). There was no difference between shoot biomass 
measurements during all other seasons (p>0.091). Root biomass varied between seasons 
(F5,90=6.509, p<0.001). The root biomass was the least during the first spring (0.76+0.09 
g) compared to the autumn (137.30+24.81 g; p<0.001), the second spring (139.42+33.25 
g; p<0.001), and the second summer (123.63+24.48 g; p=0.002). Root biomass did not 































Figure 4-5. Total biomass (g) allocated to either shoot or root components of Leersia 
oryzoides, rice cutgrass, grown over a period of six seasons. Plants were randomly 
selected and harvested seasonally (spring, summer, autumn, winter, second spring, and 
second summer) from eight drainage ditches. Bars represent the means + standard error. 
Statistically significant differences between shoot and root components are indicated by 






















Figure 4-6. The shoot to root ratio of Leersia oryzoides, rice cutgrass, grown over a 
period of six seasons. Plants were randomly selected and harvested seasonally (spring, 
summer, autumn, winter, second spring, and second summer) from eight drainage 
ditches. Bars represent the means + standard error. Statistically significant differences, 










Under historic Mississippi River hydrograph models, the most pronounced N and 
P reductions occurred during the May to June period (Schramm et al., 2009). Riverine N 
moving into the floodplain soil may be taken up by plants or denitrified (Gambrell and 
Patrick, 1978). Rice cutgrass, Leersia oryzoides, had measurably higher concentrations of 
both N and P in the shoots during all spring and summer month. A previous evaluation of 
nutrient content of L. oryzoides measured the highest concentration of total N in leaves 
while significantly less was found in stems, adventitious roots and rhizomes (Koontz et 
al., in press). As much as 70% of total leaf N may be in chloroplasts (Stocking and 
Ongun, 1962). In a previous study, L. oryzoides grown in the greenhouse had higher leaf 
chlorophyll content and total growth in partially flooded treatment and in response to 
increased nitrogen concentrations (Koontz & Pezeshki, 2011).  
Synchronous with plant senescence, the roots had higher concentrations of both N 
and P during the autumn and winter seasons, which is when shoot N was most reduced. 
In a previous study, higher concentrations of P were found in rhizomes and stems of L. 
oryzoides than in leaves, with the lowest concentrations found in adventitious roots 
(Koontz et al., in press). Flooding creates anaerobic soil conditions, which increases P 
availability due to the reduction and dissolution of iron phosphates (FePO4), the 
hydrolysis and dissolution of FePO4 and aluminum phosphates (AlPO4), and the release 
of the clay-bound phosphates (PO4), (Gambrell and Patrick, 1978). The potential rate of 
nutrient uptake by plants is limited by growth rate and plant tissue concentration 
(Vymazal et al., 1989). 
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As plants grew from the first summer onward, plants allocated more of their 
biomass to roots compared to shoots, with the greatest total biomass (235.08+22.53 g) 
measurements during the autumn, prior to senescence. In a previous greenhouse study, 
plants grown for the same length of time in control and partially flooded soil moisture 
treatments allocated similar proportions of biomass to roots and shoots (Koontz & 
Pezeshki, 2011). Plants may reallocate resources to leaf and root tissues depending on 
their relative needs. These needs change with plant age, growth, and development, and 
are primarily controlled by the internal mechanisms that balance the relative 
redistribution of resources to root and leaf modules based on the most optimal balance for 
the plant as an independent organism (Bazzaz and Grace, 1997; Lovett-Doust et al., 
1983).  
Vegetated drainage ditches have the potential to immobilize nutrients, potentially 
decreasing nutrients in agricultural runoff. Soil conservation is enhanced when the banks 
of drainage ditches are vegetated (Herzon and Helenius, 2008). Higher rates of nutrient 
removal have been measured in vegetated compared to unvegetated systems (Tanner et 
al., 1999; Deaver et al., 2005). Within 48 hours L. oryzoides reduced both NO3- and NH4 
more than 30-fold lower than unvegetated mesocosms (Tyler et al., 2012). Concentrations 
of N were decreased by greater than 98% within the first 20 hours (Tyler et al. 2012). 
Because both N and P are released back into the system (Vymazal et al., 1989), removal 
of vegetation could be considered.  
Restoration of wetlands and riparian areas, constructed wetlands, and even 
vegetated drainage ditches can serve as important natural nitrogen traps, effectively 
preventing excess nitrogen from entering receiving waters (Vitousek et al., 1997). By 
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assessing plant function, a better understanding may be gained of the specific services a 
particular species may offer. Wetland plants, such as L. oryzoides, are a viable, cost 
effective, option for removing contaminants in agricultural runoff. Land management 
strategies balancing, both natural and anthropogenic processes including the composition, 
structure and function of the surrounding ecosystem, can result in a sustainable plan for 
mitigating excess fertilizers.  
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Chapter 5. Nutrient Dynamics in a Restored Wetland  
Introduction 
The Lower Mississippi River sub-basin is characterized by its low, flat 
topography, alluvial soils, high rainfall, and high water tables (LMRSBC, 2007). The 
Mississippi Alluvial Valley (MAV) was once covered with more than 25 million acres of 
bottomland hardwood forests found along rivers and streams. Settlement along the 
Mississippi River led to intensive harvesting of forests, the development of large-scale 
agricultural practices, urbanization, and the draining of wetlands (IFMRC, 1994). More 
than 70 million acres of the MAV have been drained (Mitsch et al., 2001). The 
Mississippi River and Tributaries Project (MR&T) is the largest flood control project in 
the world. Some elements of the MR&T project include the levee system and many stone 
dikes in order to divert river flow from secondary channel complexes into the main 
navigation channel to ensure a navigable waterway and to protect communities from 
flooding events (LMRSBC, 2007). Impoundment along the main stem of the river 
resulted in the retention of sediment stored in pools behind the dams and in the fields of 
the winged dams, which enhances the flow magnitude in the main channel (Grubaugh 
and Anderson, 1989), significantly changing the biogeochemical and hydrological cycles 
(Mitsch and Gooselink, 2007). The channelization of the Mississippi River resulted in 
many of the channels drying completely during the year, resulting in degraded riparian 
habitat including the loss of aquatic habitat (LMRSBC, 2007). This has led to a reduction 
of ecosystem goods and services, such as gas regulation, disturbance regulation, sediment 
retention, nutrient cycling, water regulation, and water treatment (Costanza et al., 1987; 
Farber et al., 2006). 
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The major driver of adverse ecosystem change in the Delta is upstream water 
management (Boelee et al., 2011). Approximately 58% of the Mississippi River basin is 
now utilized as cropland, with 90 to 95% of land use in many subwatersheds being 
dominated by corn (Zea mays L.) and soybean [Glycine max (L.) Merr.] (David et al., 
2010). Practical challenges exist in minimizing the ecological impact of modern 
agricultural landscape systems, especially when facing a projected world population of 9 
billion and a 70% increase in food demand by 2050 (Tilman et al., 2002; Boelee et al., 
2011). Synthetic fertilizer provides close to half of nitrogen (N) to crops (Smil, 2002) and 
is one of the primary determinates of global cropland yields (Galloway et al., 2003). 
Human production of N is greater than that produced by all natural terrestrial systems 
(Galloway et al., 2003). Most of the 120 teragrams of N added annually to global 
croplands is lost to soil, air and water (Smil, 2001; 2002) with approximately 7 teragrams 
of N fertilizer being used annually in the Mississippi River basin (Goolsby et al., 2001). 
As land drainage has increased for agriculture, so has N application, and nitrate 
concentration in the lower Mississippi River has been correlated with lower Mississippi 
River discharge (Bratkovich et al., 1994; Turner et al., 1998; Rabalais et al., 2002). 
Excessive levels of N and phosphorus (P) promote undesirable phytoplankton blooms 
(USEPA, 2011), contributing to the creation of a hypoxic zone along the coast that has 
grown to about 20,000 km2 during midsummer, currently the second largest in the world 
in area (Goolsby et al., 2001; Rabalais et al., 2001; Horrigan et al., 2002; Nolan et al., 
2002; Rabalais et al., 2002). There is a growing accumulation of well documented 
scientific evidence indicating a strong statistical relationship between the worsening of 
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hypoxia in the northern Gulf of Mexico and the increase in N loading (Rabalais et al., 
2002).  
Agriculture is interconnected to many landscape elements, including wetlands, 
that can be integrated into management (Boelee et al., 2011). Wetland components are 
defined as fluctuating hydrology, unique soil conditions that differ from adjacent uplands, 
and hydrophytic vegetation (Mitsch and Gosselink, 2007). Nutrients can be temporarily 
immobilized by plant uptake and microbes. Permanent N removal occurs via 
denitrification and burial, and permanent P removal occurs from sedimentation and burial 
(Reddy and DeLaune, 2008). Wetland ecosystems cleanse an average of 80% of their 
global N loading; however, this filtering is in decline due to wetland loss (Boelee et al., 
2011). 
Restored wetlands experience flood pulsing (Odum et al., 1995), which facilitates 
an exchange of materials between rivers and their floodplain (Junk et al., 1989; Day et 
al., 2007). Pulsing events from riverine sources are a source of mineral sediment (Day et 
al., 1995), which can be a source of nutrients necessary for plant growth (Delaune and 
Pezeshki, 1988). The creation and restoration of wetlands in the Mississippi-Ohio-River 
basin has been recommended to mitigate excess nitrogen runoff (Mitsch et al., 2001; 
Mitsch et al., 2005; Mitsch and Day, 2006). A significant impact on the hypoxia in the 
Gulf of Mexico could be made with an estimated area of 2 million ha of wetlands in the 
Mississippi River Basin (Mitsch et al., 2005).  
Seasonal shifts in hydrology have been found to be the principal factor controlling 
nutrient and sediment patterns in wetlands receiving discharge (Lane et al., 2011). 
Biological, chemical, and physical reactions in soil can make them both a source and a 
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sink for N and P (Brady and Weil, 2008). Riverine N moving into the floodplain soil may 
be taken up by plants or denitrified (Gambrell and Patrick, 1978). Flooding can cause 
soils to become anaerobic, promoting microorganism reduction of nitrate (NO3-) to 
nitrous oxide (N2O) or mineral N (Forshay and Stanley, 2005). Anaerobic soil conditions 
also increases P availability due to the reduction and dissolution of iron phosphates 
(FePO4), the hydrolysis and dissolution of FePO4 and aluminum phosphates (AlPO4), and 
the release of the clay-bound phosphates (PO4), (Gambrell and Patrick, 1978). 
Floodplains can be a source of P depending upon plant uptake (Schramm et al., 2009). 
The dominant ecosystem component for removing N and P is soil, and uptake can be 
enhanced with prolonged flood periods promoting nutrient removal from the system 
(Schramm et al., 2009). In addition, wetlands sequester carbon (C) through the burial of 
organic matter under anaerobic conditions (Mitra et al., 2005). 
The purpose of this project was to improve understanding of the degree to which 
wetland restoration can sequester excess nutrients in order to improve water quality. The 
specific objective was to determine spatial and temporal nutrient patterns in the soil. 
Here, we provide results on nutrient dynamics of the Loosahatchie chute wetlands 
receiving water derived from the Mississippi River.  
Materials and Methods 
Study area 
The Loosahatchie River originates in the westernmost part of Hardeman County, 
Tennessee. It flows largely east to west throughout its length. The Loosahatchie River 
enters the Mississippi River on its east bank, slightly north of Memphis, Tennessee, near 
Mud Island in Shelby County. Downstream from the Loosahatchie River’s mouth, the 
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Loosahatchie Bar is located on the west bank (Arkansas side) of the Mississippi River, 
between river miles 736.5 and 742.8. Stone dikes were constructed during the 1960’s by 
the United States Army Corps of Engineers (USACE) to divert low-river flow away from 
the Redman Point Loosahatchie Bar secondary channel complex into the Lower 
Mississippi River navigation channel to ensure safe navigation. Since the diversion, 
sedimentation has increased in Loosahatchie Chute. Between October 2008 and February 
2009, 12 notches designed by the Corps of Engineers were constructed in nine existing 
dikes. Each notch was 0.9 to 3.3 m deep, 7.5 to 60 m wide at top, and 20 to 64 m wide at 
the bottom. These notches restore flow in more than 11 miles of secondary channel in the 
Loosahatchie Chute. The Mississippi River stage at Memphis, Tennessee, ranged from 
9.98 m on 5/11/2010 and 1.22 m on 9/16/2010 and averaged 5.64 m during the study 
period from December 2009 to November 2010 (Figure 5-1). Sites were usually 






























Figure 5-1. The metadata for the Mississippi River at Memphis, Tennessee, was 
measured at the Weather Bureau Gage, where the National Weather Stage Gage height of 
0 m is measured at an elevation of 56.1 m; this is based on older United States Geological 
Survey (USGS) topographic maps and NGVD29 benchmarks. Flood stage is at a gage 
height of 10.4 m. This is river stage measurements taked from late November 2009 

















The sites selected include four sites on the west side of the Mississippi River, in relation 
to the Redman Point-Loosahatchie Bar Environmental Restoration Project (Figure 5-2). 
The reference site (Ref) was a natural riparian wetland site that has been consistently 
connected to the river and is north of the notched dike. The Near site was on the 
Loosahatchie Bar, closest to the notched dikes (Figure 5-3). The Mid site was midway 
down the Loosahatchie Chute. The Far site was at the farthest end of the chute. The Land 
Class Cover Types for all sites is black willow (Salix nigra Marsh.). The location 
coordinates and elevations of the natural and restored wetland sites are listed in Table 5-
1, and Figure 5-4 has an image of each site. Three 25 by 25 m plots were established at 






Figure 5-2. Map of Redman Point-Loosahatchie Bar Environmental Restoration Project 






Figure 5-3. Aerial view of dikes notched near the a) north end and b) south end of the 
Loosahatchie Chute following restored flow to secondary channel complexes along the 
Mississippi River.   
 
Table 5-1. Coordinates and elevations of field sites.  
 
Site Latitude Longitude Elevation (m) 
Ref  35°15’14.26”N 90°06’51.23”W 62.64 
Near  35°12’00.04”N 90°04’34.55”W 61.75 
Mid 35°11’05.04”N 90°05’14.56”W 61.84 










Mid Site Far Site 
Figure 5-4. Images of each of the sampling locations. The reference site is the natural 




Soil is classified according to the United States Department of Agriculture (USDA) 
National Resources Conservation Service Web Soil Survey. The Ref site soil data were 
collected November 17, 2008. The soil is classified as Bowdre silty clay and is frequently 
flooded. At a depth from 0 to 12.7 cm, the cation-exchange capacity (CEC) is 25 to 45 
meq 100g-1 with a pH of 5.6 to 7.3; at a depth from 12.7 to 43.2 cm, the CEC is 22-40 
meq 100g-1  with a pH of 5.6 to 7.3; at a depth from 43.2 to 106.7 cm, the CEC is 7.0 to 
18 meq 100g-1 with a pH of 6.1 to 8.4; and at a depth from 106.7 to 152.4 cm, the CEC is 
5.0 to 18 meq 100g-1 with a pH of 6.1 to 8.4. The soil at the Mid site is classified as 
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Crevasse fine sand from data collected September 23, 2008. At a depth from 0 to 20 cm, 
the CEC is 1.8 to 6.8 meq 100g-1 with a pH of 5.6 to 8.4; and at a depth from 20 to 152.4 
cm, the CEC is 1.4 to 6.1 meq 100g-1 with a pH of 5.6-8.4. Soil at the Near and Far sites 
have not been surveyed. 
Soil collection 
Soil collection took place seasonally beginning in autumn 2009 until the summer 2010, a 
total of four sampling times. There were three collections per site, one per plot, except at 
the Near site, where six samples were taken, four of those being from plot one. The size 
of the soil cores were collected with a 10 cm diameter, 15 cm deep, thin-walled, 
sharpened coring tube (Figure 5-5).  
 
 




Soil sample analyses  
Collected sediments were transported by ice to the laboratory. Particle size distribution 
was obtained using a hydrometer method (Patrick, 1958). Soil bulk density was 
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determined from the oven-dried weight of a known volume of wet soil. The soil pH was 
measured using a pH meter. Total C and total N was determined on dried subsamples 
using a Carlo-Erba NA-1500 CNS analyzer. Total P was determined by acid digestion 
followed by analysis of the digest by Inductively Coupled Plasma (ICP) Atomic Emission 
Spectroscopy. 
Data analyses  
Differences in means of pH and particle size distribution were calculated utilizing one-
way analysis of variance (ANOVA) with four levels of sites as independent factors 
(SYSTAT, 2004). Differences in means of soil moisture content (%), bulk density (g cm-
3), total C (g kg-1), total N(g kg-1), and total P (mg  kg-1) were individually analyzed and 
tested with two-way ANOVA with four levels of sites and seasons as independent 
factors. If no interaction was detected, general linear model for ANOVA was used for 
analysis. Significant results were followed by Tukey's post-hoc analysis (Hinkle et al., 
2003). Differences were considered significant at α<0.05. 
 
Results 
The soil pH varied among sites (F3,12=11.08, p=0.001). Ref was slightly more 
acidic at a pH of 6.4, compared to the other sites that had pH of 6.9 to 7.1 (p<0.009) 
(Table 5-2). There was variation in the distribution of soil particles between sites and at 
each site (Table 5-2; Figure 5-6). The percent sand varied among sites (F3,12=7.832, 
p=0.004). The Near (p=0.006) and Ref (p=0.011) sites had the highest percentage of sand 
and the least was at the Far site. The percent clay varied among sites (F3,12=25.017, 
p<0.001), with the Ref site having the highest clay content (p<0.001). The percent silt 
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varied between sites (F3,12=33.265, p<0.001). Sites in the Loosahatchie Chute had higher 
percentages of silt than the Ref site (p<0.001). The Ref site had more clay than sand and 
silt (F2,9=28.682, p<0.001). The Near site had more silt than sand and clay (F2,9=35.517, 
p<0.001). Both the Mid site (F2,9=119.802, p<0.001) and the Far site (F2,9=306.818, 
p<0.001) had more silt than clay and had even less sand. 
 
Table 5-2. Summary of soil pH and particle size distribution from autumn soil collection 
at study sites. Numbers represent the mean + standard error. Differences among sites is 
represented by the small letter (α =0.05). 
Site pH % sand % clay % silt 
Ref 6.4+0.1a 19.82+3.24a 49.59+1.91a 30.59+3.10a
Near 7.0+0.1b 21.11+3.71a 21.14+2.75b 57.75+4.05b
Mid 6.9+0.1b 10.29+1.60a,b 26.58+3.34b 63.12+2.14b









Figure 5-6. Particle distribution of soils collected at a natural wetland site (Ref) and sites 
with restored wetland function, the Near, Mid, and Far sites. 


























Moisture content measurements were highest in the spring, between 34 to 46%, 
and lowest in the summer, between 16 to 37% (p<0.001). In the spring, Ref moisture 
content measurements were between 35 to 46%, which is higher than the Near site, 
measurements between 16 to 34% (p=0.021). Bulk density measurements at the Ref site 
were the lowest, between 0.41 to 0.64 g cm-3 (F=25.666, p<0.001), compared to other 
sites, where measurements were between 0.67 to 0.92 g cm-3 (Table 5-3).  
Total C at the Ref site was highest all year, ranging from 45.98 to 62.16 g kg-1, compared 
to other sites, which had measurements ranging from 14.03 to 18.80 g kg-1 (F=149.80, 
p<0.0001) (Table 5-3, Figure 5-7). There was no difference in total C between seasons 
(F=0.076, p=0.973).  
 
Table 5-3. Summary of soil measurements and calculations taken at selected sites. 
Numbers represent the mean + standard error. Differences among seasons at each site is 
represented by the small letter (α =0.05). 
 








Ref Autumn 0.41 + 0.05a 45.98 + 3.64 3.86 + 0.14 1113.30 + 23.18a 
Winter 0.49 + 0.06a, b 46.78 + 1.97 3.32 + 0.14 981.75 + 36.51b 
Spring 0.52 + 0.04a, b 47.37 + 2.86 4.16 + 0.24 1086.33 + 13.26a, b 
Summer 0.64 + 0.03b 62.16 + 9.47 4.21 + 0.39 1110.13+ 28.36a 
Near  Autumn 0.75 + 0.04a 14.79 + 1.13 1.18 + 0.09a 527.04 + 19.39a,b 
Winter 0.84 + 0.01a, b 14.15 + 0.56 0.85 + 0.06b 465.71 + 14.79a 
Spring 0.91 + 0.06b 15.77 + 1.22 1.51 + 0.09c 520.36 + 16.81a,b 
Summer 0.88 + 0.03a, b 14.03 + 0.91 0.85 + 0.08b 579.14+21.56b 
Mid Autumn 0.82 + 0.07 14.86 + 2.15 1.31 + 0.20a,b 571.83 + 61.64 
Winter 0.82 + 0.05 15.44 + 0.99 1.15 + 0.07b 555.62 + 30.56 
Spring 0.69 + 0.10 16.85 + 1.66 1.86 + 0.17a 627.11 + 34.54 
Summer 0.92 + 0.08 14.41 + 1.45 1.01 + 0.09a,b 653.37+ 27.53 
Far Autumn 0.67 + 0.02a 18.80 + 1.10 1.63 + 0.07a 628.78 + 22.67 
Winter 0.78 + 0.02a, b 17.23 + 0.45 1.21 + 0.02b 562.26 + 24.75 
Spring 0.77 + 0.02a, b 15.42 + 0.15 1.75 + 0.01a 595.15 + 16.18 







Figure 5-7. Seasonal total carbon (C) (g kg-1) measurements taken following the Redman 
Point-Loosahatchie Bar Environmental Restoration Project near Memphis, Tennessee. 
Site locations are relative to notched winged dams. Each measurement is a mean +se. 
Significant differences among sites at sampling time are indicated by using different 
letters, according to Tukey’s post-hoc. Differences were considered significant at α 
<0.05. 
Season











































Measurements of N taken at the Ref site were highest, from 3.32  to 4.21g kg-1, 
compared to all other sites, where measurements were between 0.85 and 1.86 g kg-1, for 
all seasons (F=156.939, p<0.001) (Table 5-3, Figure 5-8). In autumn, N measurements 
were highest at the Ref site (F=93.216, p<0.001); however there were no differences 
between the other sites. N concentrations decreased from the Far site, to the Mid site, and 
the least at the Near site. During the winter there were differences between sites 
(F=197.922, p<0.001). The Ref site N was higher than at all other sites (p<0.001). N 
concentrations were the least at the Near site, when compared to the Mid site there was 
not a significant difference (p=0.063), but the Near was significantly different from the 
Far site (p=0.025). There was no difference between the Mid and Far site (p=0.961) in 
the winter measurements. The N measurements taken during the spring were different 
between sites (F=72.725, p<0.001). Spring measurements were highest at the Ref site 
(p<0.001), and there were no differences between the other sites. N concentrations 
decreased from the Mid site, to the Far site, and the least at the Near site during the 
spring. The N measurements taken during the summer were different between sites 
(F=77.615, p<0.001). The Ref site N was higher than at all other sites (p<0.001).  N 
concentrations decreased from the Far site, to the Mid site, and the least at the Near site; 








































Figure 5-8. Seasonal total nitrogen (N) (g kg-1) measurements taken following the 
Redman Point-Loosahatchie Bar Environmental Restoration Project near Memphis, 
Tennessee. Site locations are relative to notched winged dams. Each measurement is a 
mean +se. Significant differences among sites at sampling time are indicated by using 
different letters, according to Tukey’s post-hoc. Differences were considered significant 
at α <0.05. 
 
There were no overall seasonal effect seen on N measurements (F=1.119, 
p=0.349); however there were seasonal effects seen at specific sites. The Near site has the 
high total N in the autumn, levels fall in the winter, rise to their highest levels in spring, 
then fall again in summer (F=15.010, p<0.001). The Mid site had the highest total N in 
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spring and the least in winter (F=6.788, p=0.014). The Far site had the highest total N 
measurements in autumn and spring, and the least in the winter and summer (F=32.489, 
p<0.001). There was no seasonal effect on total N at the Ref site (F=2.653, p =0.120) 
 There was not a seasonal effect on total P (mg kg-1) combined from measurements 
at all sites (F =0.644, p =0.590); however there were differences at specific sites (Table 
5-2, Figure 5-9). The Ref site had higher concentrations of P in the autumn and summer 
compared to winter, and the Near site P measurements were higher in the summer 
compared to winter. There was a difference in total P (mg kg-1) between sites (F =215.63, 
p <0.001). Measurements at the Ref site were the highest, between 981.75 and 1113.30 
mg kg-1, compared to  the Near site that had measurements between 465.71 and 579.14 
mg kg-1 (p <0.001). Slightly higher than the Near site, the Mid and Far sites had 







Figure 5-9. Seasonal total phosphorus (P) (mg kg-1) measurements taken following the 
Redman Point-Loosahatchie Bar Environmental Restoration Project near Memphis, 
Tennessee. Site locations are relative to notched winged dams. Each measurement is a 
mean +se. Significant differences among sites at sampling time are indicated by using 
different letters, according to Tukey’s post-hoc. Differences were considered significant 
at α <0.05. 
Season













































The Ref site retained more soil moisture in the upper 15 cm of the soil year round 
and had the lowest bulk density. All soil moisture measurements fell after spring, which 
is constant with the river stage data. Sites experience a period of time during the summer 
where soil moisture drops. These differences are partly due to soil texture. Generally, the 
Ref site is higher in clay content as compared to sandier sites. The Ref site had more 
moisture because of higher clay and organic matter content. Moisture measurements were 
lower in the sandy soil site.  
Measurements of total C, total N, and P were reduced at all sites compared to the 
Ref site. Though not always significant, there were reduced concentrations of nutrients at 
the Near site compared to the Far site on the chute. The hydrology of the Loosahatchie 
Chute wetlands is primarily controlled by seasonal changes in the upper Mississippi 
River discharge. Under historic hydrograph models, the most pronounced N and P 
reductions occurred during May to June period (Schramm et al., 2009). In our study, the 
greatest reduction of N was from December to March and no seasonal effect was 
detectable for P. The highest total C was in the autumn, when the greatest amount of 
deciduous plant biomass has accumulated. During flood pulses, when soil conditions 
were reduced, microbes may utilize C as an energy source for respiration (Reddy and 
DeLaune, 2008). The Ref site had the highest C during all seasons. Recent analyses 
revealed that restored wetland plants and carbon resources in the soil may take centuries 
to return to a healthy state (Moreno-Mateos et al., 2012). 
The best wetland management practices enhance the natural processes of the 
wetland ecosystems involved, including maintaining natural hydrology and connections 
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with adjacent rivers, lakes, and estuaries (Mitsch and Gooselink, 2007). Holistic 
management and potential for restoration of wetland functions of the Mississippi River 
drainage basin should include an understanding of hydrologic impacts, such as the spatial 
variability of river stage magnitude, frequency, and duration, along the length of the river 
(Wasklewicz et al., 2004).  
 In the present study, the reference site had the highest concentrations of total C, 
N, and P. Total C and N were highest at all sites in autumn; however, there was no 
seasonal effect on total P. Therefore, it appears that the restored hydrology may have 
influenced and improved soil chemical conditions that may improve water quality. 
Although hydrology has been restored to the wetlands, a wide range of wetland 
functionality may take a considerable amount of time. Continued monitoring of soil 
chemical characteristics will help quantify impacts of restored channel hydrology. 
Improvements in wetland function does improve water quality, which in turn paves the 
way for  maintaining the Clean Water Act’s goals to restore and maintain the chemical, 
physical, and biological integrity of our nation’s waters.  
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Chapter 6. Aboveground net primary productivity in a riparian wetland following 
restoration of hydrology  
1. Introduction  
The flood pulse is the principle driving force for river-floodplain systems major 
biota to exist, grow, and interact (Junk et al., 1989). Structure and productivity of forested 
wetlands are adapted to flood pulses (Mitsch and Gooselink, 2007). Flood pulses have a 
dynamic edge of the transition zone between aquatic and terrestrial ecosystems that can 
both nourish the wetlands with water and nutrients, and export energy, materials, and 
biota (Junk et al., 1989).  Hydrologic variability in river levels impact seasonal flooding 
on forested wetlands (Mitsch and Gooselink, 2007), for example water levels on the 
Mississippi River at the Memphis gage have varied between a high of 12.45 m (40.83 ft) 
in May 2011 to a low of 2.96 m (-9.70 ft) in August 2012 (National Weather Service, 
2012). At high water levels, floodplains are inundated, while during low stages, rivers 
flow in well-defined channels (Junk et al., 1989). Most of the productivity of detritivores, 
herbivores, and omnivores that support fisheries are derived in floodplain habitats, and 
the highest yields are in floodplains adjoined to the main channel (Junk et al., 1989).  
The Mississippi River is the fourth longest and tenth largest river in the world. 
The Mississippi River Basin (MRB) is the fourth largest watershed in the world, draining 
more than 3,220,000 km2 (1,245,000 mi2) covering close 40% of the landmass in the 
continental United States. The Lower Mississippi River sub-basin is characterized by 
low, flat topography, alluvial soils, relatively high rainfall, and high water tables 
(LMRSBC, 2007). The Mississippi Alluvial Valley (MAV) once supported nearly 10 
million ha of bottomland hardwood forests, representing the largest tract of bottomland 
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hardwood wetlands in North America (King et al., 2006). Settlement along the 
Mississippi River led to intensive harvesting of forests, the development of large-scale 
agricultural practices, urbanization, and the draining of wetlands (IFMRC, 1994). The 
Mississippi River and Tributaries Project included the levee system and many stone dikes 
in order to divert river flow from secondary channel complexes into the main navigation 
channel (LMRSBC, 2007). Dams and reservoirs, especially in the Missouri basin, 
resulted in the retention of sediment stored in pools behind the dams and in the fields of 
the winged dams, which enhances the flow magnitude in the main channel (Grubaugh 
and Anderson, 1989). This has resulted in many of the secondary channels drying 
completely during the year, resulting in degraded riparian habitat including the loss of 
aquatic habitat (LMRSBC 2007). Prior to settlement, these bottomland hardwood forests 
stored 60 days of river discharge compared to 12 days following the leveeing of the river 
(Mitsch and Gooselink, 2007). 
By the 1980’s, an estimated 2.8 million ha of bottomland hardwood forest 
remained of the original 10 million ha, and much of the habitat that has remained is 
highly fragmented and hydrologically altered (Rudis, 1995; Fredrickson, 1997; King et 
al., 2006). Approximately 58% of the MRB is now utilized as cropland, with 90 to 95% 
of land use in many subwatersheds being dominated by corn (Zea mays L.) and soybeans 
[Glycine max (L.) Merr.] (David et al., 2010). Effectively, the forested wetland ecosystem 
was converted into a system of forested wetlands embedded within an agricultural matrix, 
demonstrating the impacts of farm bill legislation (King et al., 2006). Agriculture, both 
landscape alteration and practices, have had a broad range of negative impacts on 
ecosystem processes in wetlands (MEA, 2005). The shift of land use from wetlands to 
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agricultural systems has led to a reduction of ecosystem goods and services, such as gas 
regulation, disturbance regulation, high productivity, sediment retention, nutrient cycling, 
water regulation, and water treatment (Costanza et al., 1987; Farber et al,. 2006). 
Ecosystem services, as defined by the Millennium Ecosystem Assessment (MEA, 2005), 
are the benefits that people obtain from ecosystems including: provisioning services such 
as food and water; regulating services such as regulation of floods, land degradation, and 
disease; supporting services such as soil formation and nutrient cycling; and cultural 
services such as recreational, spiritual, and other nonmaterial benefits.  
As land drainage has increased for agriculture, so has nitrogen (N) application, 
contributing nitrate (NO3−) to the discharge in the lower MRB (Bratkovich et al., 1994; 
Turner et al., 1998; Rabalais et al., 2002). The major driver of degradation in the Delta is 
upstream water management (Boelee et al., 2011). There is a growing accumulation of 
well documented scientific evidence indicating a strong statistical relationship between 
the worsening of hypoxia in the northern Gulf of Mexico and the increase in N loading 
(Rabalais et al., 2002). Mississippi River streamflow and N loading have been correlated 
with late July hypoxic area measurements (Bianchi et al., 2010). Watersheds in the Lower 
and Central Mississippi and Ohio River basins were ranked the highest contributors of 
total N and total P being transported to the Gulf of Mexico (Robertson et al., 2009). The 
high correlation between May-June nutrient load and May-June streamflow, most likely 
due to high freshwater runoff mobilizing nutrients in the watershed (Bianchi et al., 2010). 
Excessive levels of N and phosphorus (P) promotes phytoplankton blooms (Justic et al., 
1995; Lohrenz et al., 2008; USEPA, 2011). These conditions create a hypoxic zone along 
the coast that has grown to as high as 20,000 km2 during midsummer, currently the 
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second largest in the world in area (Goolsby et al., 2001; Rabalais et al., 2001; Rabalais et 
al., 2002; Horrigan et al., 2002; Nolan et al., 2002). 
Restored wetlands experience flood pulsing (Odum et al., 1995), which facilitates 
an exchange of materials between rivers and their floodplain (Junk et al., 1989; Day et 
al., 2007). Pulsing events from riverine sources are a source of mineral sediment (Day et 
al., 1995), which can be a source of nutrients necessary for plant growth (Delaune and 
Pezeshki, 1988). Wetlands provide a vital ecosystem service of treating and removing a 
variety of waste products with reported reductions of NO3− by more than 80% (MEA, 
2005). The creation and restoration of wetlands in the Mississippi-Ohio-River basin has 
been recommended to mitigate excess N runoff (Mitsch et al., 2001, Mitsch et al., 2005, 
Mitsch and Day, 2006). A significant impact on the hypoxia in the Gulf of Mexico could 
be made with an estimated area of 2 million ha of wetlands in the MRB (Mitsch et al., 
2005). Wetland ecosystems provide services that benefit human welfare by mediating 
energy and material flow such as water quality improvement due to reduction of 
suspended solids, biochemical oxygen demand, nitrogen, phosphorus, and heavy metals, 
and other pollutants (Cronk & Fennessy, 2001; Kadlec & Knight, 1996; LMRSBC, 
2007).   
Measures of forest productivity indicate the capacity and ability of forests to 
sustainably supply goods and services over time. Primary productivity of swamps and 
marshes are high when compared to other natural communities and croplands (Cronk and 
Fennessy, 2001). There are five general carbon (C) storage pools in wetlands: 
aboveground trees; aboveground emergent vegetation; surface litter; dead wood; and 
belowground organic soil that include all belowground productivity and also some 
125 
 
organic matter produced aboveground that is buried as detritus (Mitsch and Gooselink, 
2007). Because of flooding, wetlands typically have slow decomposition rates, so organic 
carbon is rarely a limiting factor. The accumulation is dependent on the balance between 
NPP and decomposition (Mitsch and Gosselink, 2007). Plants in wetland soils experience 
a lack of oxygen along with an oxygen demand in the sediment represented by reducing 
conditions, which can lead to photosynthetic decline effecting plant health (Pezeshki, 
1993; 2001). Total annual resource budget is allocated to the basic plant functions of 
maintenance, reproduction, and growth, including incredibly flexible and plastic 
allocation patterns that may respond to environmental conditions in their adult form by 
having both indeterminate growth and repeated shedding and regrowing of their biomass 
(Barbour et al., 1987).   
In the fall of 2008, twelve notches were excavated in nine existing dikes at 
Loosahatchie Chute to restore flow to more than 11 miles of secondary channel (Figure 
1).  The main purpose of the project was to restore flow for the benefit of two federally 
listed species, the Pallid Sturgeon (Scaphirhynchus albus) and the Interior Least Tern 
(Sterna antillarum athalassos), as well as other recreationally and commercially valuable 
wildlife. The objective of present study was to measure the impact of notching the rock 
dikes on forested wetland structure and productivity. This study was part of a larger study 
that involved measurement of nutrient dynamics, wetland productivity, and greenhouse 
gas emissions at three sites in the Mississippi basin. The specific objective was to 
determine spatial and temporal productivity patterns of the forest in response to restored 
hydrology. We hypothesize that aboveground net primary productivity will increase at 
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the restored sites. Increased productivity would indicate that the restored hydrology was 
positively impacting wetland function. 
2. Methods 
2.1 Study area 
Loosahatchie Bar is located on the west bank (Arkansas side) of the Mississippi 
River, opposite Memphis, Tennessee, between river miles 736.5 and 742.8 (Figure 6-1). 
Stone dikes were constructed during the 1960’s by the United States Army Corps of 
Engineers (USACE) to keep water from the Mississippi River from flowing through the 
Redman Point Loosahatchie Bar secondary channel complex (herein referred to as the 
Loosahatchie Chute).  The stone dikes have caused significant sedimentation that has led 
to the loss of extra channel aquatic habitat, restriction of riverine fish movements, 
degradation of riparian wetlands, and decreased productivity of nesting S. antillarum 
athalassos by providing a land bridge for predators. In order to restore the area, twelve 
notches were excavated by the Corps of Engineers from nine of the existing dikes at 
Loosahatchie Chute during October 2008 - February 2009. Dikes measure between 100 
and 600 m in length. Each notch was 0.9 to 3.3 m deep, 7.5 to 60 m wide at top, and 20 to 
64 m wide at the bottom. These notches restored flow in more than 11 miles of secondary 
channel in the Loosahatchie Chute (Figure 6-2). This effort was funded by the US Fish 
and Wildlife Service Fish Passage Program, the  Audubon Society, and non-
governmental conservation organizations to restore flow to habitats of two federally 







Figure 6-1. Map of site locations in relation to notched dikes on the Mississippi River. 





Figure 6-2. Aerial view of dikes notched near the a) north end and b) south end of the 
Loosahatchie Chute following restored flow to secondary channel complexes along the 
Mississippi River.   
 
2.2 Site Description 
Study site selection and data collection began February 2009 at the site of the 
planned restoration project along the western descending bank of the Mississippi River in 
Shelby County, Tennessee, and Crittenden County, Arkansas. Sites were selected in 
relation to the Redman Point-Loosahatchie Bar Environmental Restoration Project 
(Figure 6-2; Table 6-1). Three wetland areas along the Loosahatchie Chute were selected 
as study sites (Near, Mid and Far). A reference site (Ref) was selected north of the 
Redman point dikes (Figure 6-3). All sites were riparian forest composed primarily of 
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black willow (Salix nigra Marsh.). Three 25 x 25 m (82 x 82 ft) plots were established at 
each site for measurement of net primary productivity. The number and size of the plots 
were established to quantify biomass change as a representation of the area being 
measured. 
 
Table 6-1. Coordinates and elevations of study field sites.  
Site Latitude Longitude Elevation (m) 
Ref  35°15’14.26”N 90°06’51.23”W 62.64 
Near  35°12’00.04”N 90°04’34.55”W 61.75 
Mid 35°11’05.04”N 90°05’14.56”W 61.84 











 Reference site 
  
Mid Site Far Site 
Figure 6-3. Images of each of the sampling locations relative to notched winged dams 
near the Loosahatchie Bar on the Mississippi River.   
 
The metadata for the Mississippi River at Memphis, Tennessee, was measured at 
the Weather Bureau Gage, where the National Weather Stage Gage height of 0 m (0 ft) is 
measured at an elevation of 56.1 m (184.1 ft); this is based on older USGS topographic 
maps and NGVD29 benchmarks. Flood stage is at a gage height of 10.4 m (34.1 ft). 
Initial measurements began during winter 2009 and continued until autumn 2011 (Figure 
6-4). Sites were usually inundated at river gage reading of approximately 5.5 m (18.0 ft). 
All sites experienced intermittent flooding. The river stage in 2009 ranged from -0.65 to 
10.55 m (-2.13 to 34.61 ft) and averaged 4.67+0.13 m (15.32+ 0.43 ft) including 210 
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days where the river stage was less than 5.5 m (18.0 ft) and 154 days where sites were 
inundated. In 2010, the river stage ranged from -0.05 to 9.98 m (-0.16 to 32.74 ft) and 
averaged 4.61+0.14 m (15.12+0.46 ft). In 2010 there were 230 days where the river stage 
was less than 5.5 m (18.0 ft) and 135 days where sites were inundated. In 2011, the river 
stage ranged from -0.70 to 14.27 m (-2.30 to 46.82 ft) and averaged 5.28+0.21 m 
(17.32+0.69 ft). In 2011 there were 190 days where the river stage was less than 5.5 m 












Figure 6-4. The metadata for the Mississippi River at Memphis, Tennessee, was 
measured at the Weather Bureau Gage, where the National Weather Stage Gage height of 
0 m (0 ft) is measured at an elevation of 56.1 m (184.06 ft); this is based on older United 
States Geological Survey (USGS) topographic maps and NGVD29 benchmarks. Flood 
stage is at a gage height of 10.4 m (34.1 ft), indicated by dashed line. This is river stage 
data from late January 2009 through January 2012. Sites are inundated at approximately 
5.5 m (18.0 ft), indicated by the solid line. 
 
2-4 Soil 
Soil is classified according to the United States Department of Agriculture 
(USDA) National Resources Conservation Service Web Soil Survey. The Ref site soil 
data were collected November 17, 2008. The soil is classified as Bowdre silty clay and is 
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frequently flooded. At a depth from 0 to 12.7 cm (0 to 5.0 in), the cation-exchange 
capacity (CEC) is 25 to 45 meq 100g-1 with a pH of 5.6 to 7.3; at a depth from 12.7 to 
43.2 cm (5.0 to 17.0 in), the CEC is 22-40 meq 100g-1  with a pH of 5.6 to 7.3; at a depth 
from 43.2 to 106.7 cm (17.0 to 42.0 in), the CEC is 7.0 to 18 meq 100g-1 with a pH of 6.1 
to 8.4; and at a depth from 106.7 to 152.4 cm (42.0 to 60.0 in), the CEC is 5.0 to 18 meq 
100g-1 with a pH of 6.1 to 8.4. The soil at the Mid site is classified as Crevasse fine sand 
from data collected September 23, 2008. At a depth from 0 to 20.3 cm (0.0 to 8.0 in), the 
CEC is 1.8 to 6.8 meq 100g-1 with a pH of 5.6 to 8.4; and at a depth from 20.3 to 152.4 
cm (8.0 to 60.0), the CEC is 1.4 to 6.1 meq 100g-1 with a pH of 5.6-8.4. Soil at the Near 
and Far sites have not been surveyed. 
2-5 Aboveground Productivity 
Total aboveground net primary production (NPP) was calculated as the sum of 
stem growth and litterfall. Woody stem growth productivity was calculated using 
diameter at breast height (dbh) measurements of all trees with dbh greater than 10.0 cm 
(4.0 in). Trees were tagged with an aluminum identification tag positioned ≈ 1.3 m (4.3 
ft) from the base of the tree (Figure 6-5, left) (Clarke et al., 2001; Conner et al., 1981; 
Shaffer et al., 2009).  Forest composition including species composition, percent cover, 
basal area and importance values were quantified at each study site as described below.  
Diameter at breast height was measured above and below (≈ 5 cm) (2 in) the nail holding 
the identification tag (Megonigal et al., 1997). Diameter tape (d-tape) designed to read 
dbh from circumference was used to take measurements. Measurements of dbh began in 
the winter of 2009 and were taken yearly in the winter of 2010 and 2011. Woody biomass 
(kg) was calculated using species- specific allometric equations based on stem dbh 
134 
 
(average of top and bottom measurement) as the independent variable (Table 6-2) (Scott 
et al., 1985; Megonigal et al., 1997). Biomass was summed at each of the three plots at 
each study site and divided by the area of the plot (625 m2) (2051 ft2) resulting in the 
biomass per unit area (kg m-2) (lb ft-2) for each plots for both years. Year 2011 biomass 
was subtracted from year 2010 biomass, and then was multiplied by 1000 to calculate Net 
Primary Productivity (NPP) as g m-2 yr-1. 
 
 








Table 6-2. Regression equations used to convert diameter at breast height (DBH) 
measurements of trees to whole tree biomass. 
Species y = f(DBH) DBH 
range 
Reference 











10-28 cm Megonigal et al. 
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Litterfall productivity was measured using five leaf litter collection traps placed 
randomly within each plot, totaling 15 traps per site (5 per subplot). The collection traps 
were constructed from 1.91 cm (0.75 in) diameter polyvinyl chloride (PVC) pipe, 
measuring 0.25 x 0.25 m (0.82 x 0.82 ft), with a screened net bottom.  Each trap was 
elevated (≈ 3 m) (10 ft) above the ground to prevent inundation during high water periods 
(Figure 6-5, right). The traps were installed in June of 2009. During the high litterfall 
period from October to December, litter was collected every two weeks, when possible, 
until all leaves had dropped from the trees. Litter was not collected during the rest of the 
year due to spring floods washing away most traps. Leaf litter was separated from woody 
litter and dried to constant mass at 65°C (149˚F). Final dry weights were weighed to the 
nearest 0.01 g (0.0004 oz). Litterfall is summed on an annual basis and extrapolated to g 
m-2 yr-1 (lb ft-2 yr-1) units. 
Tree species composition analysis used equations modified from Barbour et al. 
(1987). Relative density equals the number of individuals of a species divided by the total 
number of species. Relative dominance equals the total basal area of a species divided by 
the total basal area of all species. Basal area is defined as the trunk cross-sectional area of 
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a given species in cm2 m-2 (in2 ft-2). Importance Values equal the sum of relative density 
and relative dominance for a maximum value of 2. 
2-6 Data analyses  
Differences in means of net primary productivity in each sampling year were 
individually analyzed and tested with general linear model for analysis of variance 
(ANOVA) (SYSTAT, 2004) with four levels of sites as independent factors. Significant 
results were followed by Tukey's post-hoc analysis (Hinkle et al., 2003). NPP for both 
2010 and 2011 were compared for all sites and at each site using paired sample t-test. 
Differences were considered significant at α<0.05. 
3. Results 
 Tree density at all sites was dominated by S. nigra, also, having the highest 
Importance Value at every site (Table 6-3). Species identified at some sites with minor 
Importance Values included sugarberry (Celtis laevigata Willd.), red maple (Acer rubrum 
L.), American elm tree (Ulmus americana L.), and sycamore (Platanus occidentalis L.)  
The Ref site had the lowest tree density of 296 trees ha-1.; however, these were the largest 
trees increasing in basal area from 3.26 cm2 m-2 in 2009 to 3.47 cm2 m-2 in 2010 and 3.67 
cm2 m-2 in 2011 (Table 6-3). The relative density and relative dominance of S. nigra was 







Table 6-3. Tree species, tree density, basal area, relative density, relative dominance, and 
Importance Values results from each study site. 
Site Species Tree density (trees ha-1) Basal Area (cm2 m-2) 
2009 2010 2011 2009 2010 2011 
Ref Salix nigra 298 298 293 3.26 3.47 3.67 
Near Salix nigra 533 528 496 0.63 0.76 0.86 
Near Celtis 
laevigata 
10 10 10 0.01 0.02 0.02 
Mid Salix nigra 314 314 314 2.84 3.02 3.22 
Mid Platanus 
occidentalis 
5 5 5 0.01 0.01 0.01 
Far Salix nigra 352 352 352 2.39 2.55 2.78 
Far Acer rubrum 64 64 58 0.10 0.11 0.12 
Far Ulmus 
americana 
5 5 5 0.02 0.02 0.03 
 
Site Species Relative Density Relative Dominance Importance Value 
2009 2010 2011 2009 2010 2011 2009 2010 2011 
Ref Salix nigra 100% 100% 100% 100% 100% 100% 2 2 2 
Near Salix nigra 98% 98% 98% 98.4% 97.4% 97.7% 1.96 1.95 1.96 
Near Celtis 
laevigata 
2% 2% 2% 1.6% 2.6% 2.3% 0.04 0.05 0.04 
Mid Salix nigra 98.3% 98.3% 98.3% 99.6% 99.7% 99.7% 1.98 1.98 1.98 
Mid Platanus 
occidentalis 
1.7% 1.7% 1.7% 0.4% 0.3% 0.3% 0.02 0.02 0.02 
Far Salix nigra 83.5% 83.5% 84.6% 95.2% 95.2% 94.9% 1.79 1.79 1.80 
Far Acer 
rubrum 
15.2% 15.2% 14.1% 4% 4.1% 4.1% 0.19 0.19 0.18 
Far Ulmus 
americana 
1.3% 1.3% 1.3% 0.8% 0.7% 1% 0.02 0.02 0.02 
 
 
The Near site had nearly twice the density of trees than the Ref site and 
approximately a quarter of the basal area of trees growing at the other sites (Table 6-3). 
There was a decline in tree density at the Near site from the initially 543 trees ha-1 in 
2009 to 506 trees ha-1 in 2011. This particular site experiences direct winds from the 
west, which are strong enough to snap tree stems. Saplings were observed in the 
understory, which will occupy the spaces opened from the damaged trees; however the 
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DBH measurements of these trees had not yet reached 10 cm. The basal area of S. nigra 
at the Near site increased from 0.63 cm2 m-2 in 2009 to 0.76 cm2 m-2 in 2010 and 0.86 
cm2 m-2 in 2011 (Table 6-3). The basal area of C. laevigata in 2009 was 0.01 cm2 m-2 and 
increased slightly up to 0.02 cm2 m-2 in 2010 and 2011. This decrease in density and 
basal area at the Near site is reflected in the stem growth measurements. The relative 
density of S. nigra was 98% and C. laevigata 2% for 2009-2011 (Table 6-3).  The 
relative dominance of S. nigra was approximately 98% and C. laevigata was 
approximately 2% for all three years (Table 6-3). At the Near site S. nigra was the most 
important species (1.96) with C. laevigata being of minor importance (0.04) for 2009-
2011 (Table 6-3).  
The Mid site maintained a density of 319 trees ha-1 all three years (Table 6-3). 
The basal area of S. nigra at the Mid site increased from 2.84 cm2 m-2 in 2009 to 3.02 cm2 
m-2 in 2010 and 3.22 cm2 m-2 in 2011 (Table 6-3). The basal area of P. occidentalis in 
2009 was 0.01 cm2 m-2 for each year. The relative density of S. nigra was 98.3% and P. 
occidentalis 1.7% for 2009-2011 (Table 6-3).  The relative dominance of S. nigra was 
approximately 99.7% and P. occidentalis was approximately 0.3% for all three years 
(Table 6-3). At the Mid site S. nigra was the most important species (1.98) with P. 
occidentalis being of minor importance (0.02) for 2009-2011 (Table 6-3).  
The Far site averaged 419 trees ha-1. The S. nigra increased in basal area from 
2.39 cm2 m-2 in 2009 to 2.78 cm2 m-2 in 2011 (Table 6-3). The basal area increased in A. 
rubrum from 0.10 cm2 m-2 to 0.12 cm2 m-2 and in U. americana from 0.02 cm2 m-2 to 
0.03 cm2 m-2 from 2009 to 2011. The relative density ranges were 83.5-84.6% for S. 
nigra, 14.1-15.2% for A. rubrum, and 1.3% for U. americana for 2009-2011 (Table 6-3).  
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The relative dominance of S. nigra ranged from 94.9-95.2%, A. rubrum ranged from 4-
4.1%, and U. americana ranged from 0.7-1% for all three years (Table 6-3). At the Far 
site S. nigra was the most important species (1.79-1.80) with A. rubrum (0.18-0.19) and 
U. americana (0.02) being of minor importance for 2009-2011 (Table 6-3).  
The stem growth in 2010 ranged from 595.2±237.6 g m-2 yr-1 at the Near site to 
2,105.1±267.1 g m-2 yr-1 at the Ref site; however differences were not significant between 
sites (F3,8=2.714, p=0.115) (Table 6-5; Figure 6-6a). In 2011 stem growth ranged from 
525.5±195.8 g m-2 yr-1 at the Near site to 2,383.4±439.6 g m-2 yr-1 at the Ref site, and 
again there was not a significant difference between sites (F3,8=2.667, p=0.119). For all 
sites combined, there was no significant difference in stem growth increase in 2011 







































Figure 6-6. Comparison of (a) stem growth, (b) litterfall, and (c) total aboveground net 
primary productivity (NPP) measured in g m-2 yr-1 per plot for restored forested wetlands 
along the Mississippi River in the beginning of 2010 and 2011. Each value is the mean of 
the measurements (+se). Significant differences between years are with an asterisk (*), 
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Table 6-4. Total leaf litter data collected at each site extrapolated to annual litterfall rates. 
Date Ref (g m-2) Near (g m-2) Mid (g m-2) Far (g m-2) 
10/01/09 118.21 140.45 119.91 109.51 
10/14/09 59.53 67.41 45.64 55.17 
12/14/09 391.61 225.12 568.92 323.78 
2009 Litterfall  
(g m-2 y-1) 
569.35 432.98 734.47 488.46 
10/01/10 137.13 239.30 89.78 83.66 
10/14/10 66.14 63.78 62.22 47.39 
10/28/10 101.57 108.60 206.26 227.88 
11/14/10 56.28 39.90 78.11 78.11 
12/14/10 181.60 220.60 349.65 406.09 
2010 Litterfall 
(g m-2 y-1) 
542.72 672.18 786.02 843.13 
 
 
Table 6-5. Summary of average woody stem growth, litterfall, and total aboveground net 
primary productivity (NPP) per plot for restored forested wetlands along the Mississippi 
River. Each value is the mean for the measurements (+se). Significant differences 
between sites are indicated by using different letters, according to Tukey's post-hoc. 
Differences were considered significant at α <0.05. 
Site Plot 
Number  
Year 2009-2010 (g m-2 yr-1) Year 2010-2011 (g m-2 yr-1) 
Stem growth Litterfall NPP Stem growth Litterfall NPP 
Ref 3 2,105.1±267.1 569.3±75.4 2,674.4±192.6a 2,383.4±439.6 542.7±26.5b 2,926.1±458.1 
Near 3 595.2±237.6 433.0±60.5 1,028.2±280.8b 525.5±195.8 672.2±47.6a,b 1,197.7±160.0 
Mid 3 1,711.6±395.8 734.5±107.3 2,446.1±303.1a,b 1,909.3±374.6 786.0±39.3a 2,695.3±357.9 
Far 3 1,419.2±565.0 488.5±29.0 1,907.7±564.8a,b 2,031.1±792.2 843.1±57.0a 2,874.2±794.0 
 
 
Litterfall collected in 2010 ranged from 433.0±60.5 g m-2 yr-1 at the Near site to 
734.5±107.3 g m-2 yr-1 at the Mid site was not significantly different between sites 
(F3,8=3.180, p=0.085) (Table 6-4 and 6-5). In 2011 litterfall was different between sites 
(F3,8=9.092, p=0.006). This year both the Far site (843.1±57.0 g m-2 yr-1) (p=0.006) and 
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the Mid site (786.0±39.3 g m-2 yr-1) (p=0.019) were significantly more productive than 
the Ref site (542.7±26.5 g m-2 yr-1). The Near site (672.2±47.6 g m-2 yr-1) was not 
different from the other sites. For all sites combined, litterfall increased in 2011 
compared to 2010 (t11=-2.921, p=0.014). The largest change in litterfall was the increased 
productivity at the Far site (t2=-12.539, p=0.006) followed by the Near site (t2=-5.039, 
p=0.037) (Figure 6-6b).  There was no change in litterfall at the Mid site (t2=-0.600, 
p=0.610) or the Ref site (t2=-0.346, p=0.762). 
Total aboveground NPP differed between sites in the first year (F3,8=4.064, 
p=0.050) (Table 6-5). NPP was highest at the Ref site in 2010 (2,674.4±192.6 g m-2 yr-1) 
and lowest at the Near site (1,028.2±280.8 g m-2 yr-1) (p=0.05). Both the Mid 
(2,446.1±303.1 g m-2 yr-1) and Far (1,907.7±564.8 g m-2 yr-1) sites did not differ from 
each other or the other sites in NPP. In 2011 aboveground NPP ranged from 
1197.7+160.0 to 2926.1+458.1 g m-2 yr-1; however there was no significant difference 
between sites (F3,8=2.726, p=0.114) (Table 6-5). 
NPP increased in 2011 compared to 2010 (t11=-2.257, p=0.05) (Figure 6-6c). The 
Near site, had a 45% increase (239.2 g m-2 yr-1) in litterfall, contributing 56% of total 
NPP, compared to 42% contribution the previous year. Total NPP increased at the Near 
site by 169.5 g m-2 yr-1 despite the loss of 69.70 g m-2 yr-1 in stem productivity. The Mid 
site had increased production in both litterfall (51.5 g m-2 yr-1) and stem growth (197.7 g 
m-2 yr-1), and thus in total NPP (249.2 g m-2 yr-1). The Far site had the greatest changes in 
both litterfall (354.6 g m-2 yr-1) and stem growth (611.9 g m-2 yr-1), which is reflected in 
the 50% increase in the total NPP (966.5 g m-2 yr-1). The first year the Far site had 766.7 
g m-2 yr-1 less total NPP than the Ref site, and following hydrologic restoration it was 
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within 51.9 g m-2 yr-1 of total NPP compared to the Ref site. Total NPP at the Ref site 
increased the least, by 11.4% (251.70 g m-2 yr-1), having an increase in stem growth of 
278.3 g m-2 yr-1 and a decrease in litterfall of 26.6 g m-2 yr-1. 
4. Discussion 
The impact of the reintroduction of flood pulses to the functioning of the 
bottomland hardwood forests measured by species composition and the changes in plant 
production rates was detectable. The dominance of S. nigra at all sites in the present 
study reflects past plant community composition of similar locations at the same 
elevation and river stage.  Historically, the Mississippi River floodplain has had black 
willow stands in low moist spots in parts of the alluvial valley, where water levels are 4.6 
to 9.1 m (15 to 30 ft) above mean low water (Shelford, 1954). High local precipitation at 
low water maintains forests on the Mississippi River floodplain (Junk et al., 1989). Life 
history traits of S. nigra enable this species to tolerate long periods of inundation. The 
seeds of this species are dispersed in the spring, then, germinate, and establish quickly 
with abundant sunlight (USDA, 1985). Flooding tolerance is achieved with metabolic and 
physical adaptations such as adventitious roots growing out of the trunk, even when 
buried in as much as 6 m (20 ft) of sediment (USDA, 1985; Pezeshki and DeLaune, 
2012). Flooding deoxygenates the rhizosphere, which may delay plant growth during 
spring flooding; however, this may benefit the forest because of the distribution of 
nutrients and water prior to growth initiation (Junk et al., 1989).   
The intensity of reduction of soil redox potential (Eh, mV) conditions can have 
significant implications on the survival and function of wetland plants, such as the 
depletion of soil oxygen, the accumulation of carbon dioxide followed by a series of 
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elemental reductions and byproducts of microbial metabolism (Pezeshki and DeLaune, 
2012). Despite the plant’s ability to cope with soil anoxia mechanistically via an 
extensive oxygen transport system, oxygen supplies are necessary for water and nutrient 
uptake, ion transport, and maintenance of hormonal balances (Pezeshki and DeLaune 
2012). The photosynthetic rates of S. nigra under oxidized conditions (Eh > +400 mV) 
decrease by 5% when Eh is +50 to -80 mV (Li et al, 2006) and by 53% when Eh is -130 
mV (Pezeshki and DeLaune, 1998).  The potential consequences of extended reduced 
conditions emphasize the importance of the flood pulse in maintaining a movement in the 
spatial and temporal edge of the aerobic/anaerobic zone. A plant species has an optimum 
position along the annual flooding gradient of the aquatic/terrestrial transition zone, 
where plant communities including willow, can be viewed as being at an early 
successional level in the dynamic equilibrium (Junk et al., 1989; Odum, 1959). 
The frequency and duration of water availability to the Loosahatchie Chute 
increased due to notching and this was reflected by the response of tree productivity. 
Initially, measures of NPP indicated there were differences between the sites, with the 
greatest difference being between the Ref and Near sites. Following hydrologic 
restoration, the NPP was not significantly different between sites due to the increased 
productivity of the restored sites. This finding of increased productivity is important. 
Even though the Ref site had the greatest overall NPP for both years, it had the least 
amount of change. A previous study of Mississippi delta freshwater forested wetlands, 
which included S. nigra, receiving municipal effluent discharge had a measured reduction 
of an average of 79% of total Kjeldahl nitrogen and an average of 88.5% total 
phosphorus, where sites nearest the secondarily treated municipal effluent had increased 
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productivity of vegetation compared to control sites (Day et al., 2006). In this study, the 
site closest to receiving the discharge had greater litterfall (717 g m-2 yr-1) and total NPP 
(1467 g m-2 yr-1) than a control site (412 and 714 g m-2 yr-1, respectively), and stem 
growth at all sites ranged between (302-776 g m-2 yr-1) (Day et al., 2006). In another 
previous study of seasonally flooded forests in Louisiana, bottomland hardwood 
productivity averaged 574 g m-2 yr-1 litterfall, 800 g m-2 yr-1 stem growth, and 1374 g m-2 
yr-1 total NPP (Conner & Day, 1976). The present study had similar measurements in 
productivity as the forested wetlands in the delta region.  
Previous studies indicate that mature bottomland hardwood forest stands foster 
snag and cavity development, increased inputs of woody debris and leaf litter, increased 
vertical and horizontal structure, and increased diversity of shrubs and understory plants 
(King et al., 2006). Trees at the Near site were more susceptible to wind due to the water 
edge on the west side, contributing to stem breaks and canopy debris on the forest floor. 
Other sites were less exposed to wind, protected by a forest buffer on the west side. 
The climate of upstream catchment area is reflected in the hydrologic regime of 
rivers, with the effects of seasonal climatic changes having a time lag that can have an 
ecological impact downstream (Junk et al., 1989). Upstream land use degrades freshwater 
by increasing inputs such as silt, nutrients, and forest harvest, affecting downstream 
quality (Carpenter et al., 1995; Carpenter, 1998). Measurements of the soil structure at 
the sites revealed that the restored sites had a higher proportion of silt than sand and clay 
particles (Koontz et al., in review). The restored sites, beginning with the Near site, had 
greater reductions of total carbon, nitrogen, and phosphorus, with decreased reduction 
down the channel (Koontz et al., in review). The Ref site had a higher percentage of clay 
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than other soil particles, and higher concentrations of all the nutrients measured (Koontz 
et al., in review). Floodplain fertility depends on quality deposited sediment and 
dissolved inorganic compounds, including plant nutrients, being replenished and 
deposited by inflowing river water (Junk et al., 1989).  
Productivity and life cycles of floodplain biota habitats are related to light cycles, 
river temperature, and to flood pulse annual timing, duration, and the rate of rise and fall 
(Junk et al., 1989). The trees function to capture solar energy during photosynthesis that 
is then dispersed throughout the food web, and recycle elemental material through living, 
growing, reproducing, and interacting within ecosystems including the soil, water, and air 
(Naeem et al., 1999). Vertebrates that live in the main river channel, have developed 
strategies to utilize the food supply, spawning, and shelter periodically available in the 
floodplain during pulse events (Junk et al., 1989). Fifty-five percent of variation in 
average fish catches can be explained by bottomland hardwood area, fishing effort, and 
latitude (Risotto & Turner, 1985). Timing and duration of fish access to the aquatic 
terrestrial transition zone spring to summer is critical (Junk et al., 1989). Migratory birds 
have the most access to summer primary productivity, when water levels rise in the 
autumn (Junk et al., 1989). 
The characteristic physical and chemical conditions of an environment are 
reflected by its ecosystem function, determined by the collective biotic activities 
including those of microbes, plants, and animals (Naeem et al., 1999). Maintaining 
natural hydrology and connections with adjacent rivers, lakes, and estuaries enhance the 
natural processes of wetland ecosystems (Mitsch and Gooselink, 2007). Holistic 
management and potential for restoration of the Mississippi River drainage basin should 
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include an understanding of hydrologic impacts, such as the spatial variability of river 
stage magnitude, frequency, and duration, along the length of the river (Wasklewicz et 
al., 2004). Monitoring wetland functions and services is crucial to ensure the continuation 
of wetland ecosystems and their role in supplying freshwater, recognized as one of the 
foremost natural benefits, and other critical services, such as the detoxification of wastes 
(Boelee et al., 2011). Water quality improvement functions of wetlands in turn paves the 
way for maintaining the Clean Water Act’s goals to restore and maintain the chemical, 
physical, and biological integrity of our nation’s waters. Ecohydrological research 
provides information to make informed decisions about the application of environmental 
water (Alexander, 2010). Data collection and archival would maintain the integrity of the 
monitoring process, and is a key component in ensuring that goals are being met in a 
cost-effective manner (Wilson et al., 2005; King et al., 2006; Mitsch & Gooselink, 2007). 
The effectiveness of functions of restored hydrology, which maintains that 
restored wetland flora and soil carbon resources may take centuries to return to a healthy 
state (Moreno-Mateos et al., 2012). As ecosystems age, they tend to grow in increasing 
orders of complexity. The pulsing of water and nutrients during seasonal flooding, 
followed by the released nutrients and dry period, promote the enhanced productivity of 
seasonally flooded wetlands (Mitsch and Gooselink, 2007). Swamps with higher forest 
productivity have flowing water regimes (Conner and Day, 1976). Continued study of net 
primary productivity and tree communities will help quantify impacts of flood pulse 
following restored channel hydrology. It is possible that a long-term evaluation of tree 
growth at these sites would indicate differences among sites. Restored hydrology to 
secondary channels can improve habitat for federally endangered and commercially 
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important species, provide public benefits include boating, fishing, and birding, and 
improve water quality through wetland filtration. Flood pulses are an important, integral 
part of the Mississippi River floodplain, having a hydrological effect on the biota, 
improving system functioning (Junk et al., 1989).   
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Chapter 7. Conclusions 
The research presented in this dissertation, demonstrates the consequence of 
upstream water management on wetland plants and soil. The evaluation was completed 
by utilizing greenhouse experiments and field studies. The primary goal was to measure 
the dynamic responses of plants and soil receiving these inputs with emphasis on plant 
and soil nutrient concentrations and plant productivity. Chapters 2 and 3 described how 
rice cutgrass, Leersia oryzoides, was able to tolerate fluctuating hydrology and aqueous 
nitrogen additions, by modifying its physiology and its ability to uptake various elements 
and subsequent sequestration in various biomass components. Chapter 4 explored 
seasonal differences in allocation of nitrogen, phosphorus, and biomass measured in L. 
oryzoides grown in controlled drainage ditches. Plants had the highest concentrations of 
both nitrogen and phosphorus in the shoots during all spring and summer months, and 
synchronous with plant senescence, the roots had higher concentrations of both nitrogen 
and phosphorus during the autumn and winter seasons, which is when shoot N was most 
reduced. Mature plants allocated more of their biomass to roots compared to shoots, with 
the greatest total biomass measurements during the autumn, prior to senescence. The 
ability to acclimate and survive in these variable conditions can partially explain the 
persistence and competitive advantage of this species. L. oryzoides is capable of 
remaining both resistant and functional, when exposed to agricultural waters. Optimal 
allocation strategies in plants under partially flooded conditions indicate that L. oryzoides 
may be considered for planting in areas that experience such dynamic and diverse 
hydraulic regimes, such as agricultural drainage ditches and the surrounding vegetated 
buffers. Managers should consider removal of the senesced aboveground plant tissue 
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through mowing or burning to reduce the re-release of nutrients into the waterway while 
making efforts to minimize the soil impacts in such operation.  
The hydrology of the Loosahatchie Chute wetlands is primarily controlled by 
seasonal changes in the upper Mississippi River discharge. Floodplain fertility depends 
on quality of deposited sediment and dissolved inorganic compounds, including plant 
nutrients, being replenished and deposited by inflowing river water. Chapter 5 describes 
measurements of the soil structure at the restored sites having a higher proportion of silt 
than sand and clay particles. The restored sites, beginning with the Near site, had greater 
reductions of total carbon, nitrogen, and phosphorus, with decreased reduction down the 
channel. Chapter 6 reveals that the impact of the reintroduction of flood pulses to the 
functioning of the bottomland hardwood forests measured by species composition and the 
changes in plant production rates was detectable. The dominance of Salix nigra at all 
sites in the present study reflects past plant community composition of similar locations 
at the same elevation and river stage.  A plant species has an optimum position along the 
annual flooding gradient of the aquatic/terrestrial transition zone, where plant 
communities including willow, can be viewed as being at an early successional level in 
the dynamic equilibrium. The productivity increased at the restored sites. This finding of 
increased productivity due to the restoration of wetland function, is important. Flood 
pulses are an integral part of the Mississippi River floodplain, having a hydrological 
effect on the biota, improving system functioning. It is possible that a long-term 
evaluation of tree growth at these sites would indicate differences among sites.  
The effectiveness of functions of restored hydrology, which maintains that 





As ecosystems age, they tend to grow in increasing orders of complexity. Holistic 
management and potential for restoration of the Mississippi River drainage basin should 
include an understanding of hydrologic impacts, such as the spatial variability of river 
stage magnitude, frequency, and duration, along the length of the river. Monitoring 
wetland functions and services is crucial. Wetland ecosystems function in supplying 
freshwater, which is recognized as one of the foremost natural benefits, as well as other 
critical services, such as the detoxification of wastes. Data collection and archival at these 
restored sites would maintain the integrity of the monitoring process, and is a key 
component in ensuring that goals are being met in a cost-effective manner. Water quality 
improvement functions of wetlands in turn paves the way for maintaining the Clean 
Water Act’s goals to restore and maintain the chemical, physical, and biological integrity 
of our nation’s waters.  
Ecohydrological research provides information to make informed decisions about 
the application of environmental water, since plants function to capture solar energy 
during photosynthesis that is then dispersed throughout the food web, and recycle 
elemental material through living, growing, reproducing, and interacting within 
ecosystems including the soil, water, and air. Continued study of soil properties, plant 
physiology, net primary productivity, and tree communities will help quantify impacts of 
vegetated drainage ditches and of flood pulse following restored channel hydrology.  
 
 
 
